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STUDIES ON THE FUNDULUS CHORION} 


D. R. SHANKLIN 
Department of Anatomy, State University of New York, 
Upstate Medical Center, Syracuse, New York, 
and the Marine Biological Laboratory, 
Woods Hole, Massachusetts 


The developing embryos of Fundulus heteroclitus have 
served as material for permeability studies since their use 
by Loeb (’08, 712, ’14~-’16, ’22) in his classic studies on per- 
meability and salt antagonisms. Two membranes of differing 
nature are involved in the penetration of substances into the 
embryo: the external chorion and the ectoderm of the embryo 
itself. The chorion is a tough, transparent, resilient protein 
membrane about 12 » thick. The outer 7-8 y appear sieve- 
like with 10-20,000 pores per square millimeter, the pores 
being about 1.5 p in diameter. The inner 3-4 u of the 
chorion is composed of densely packed fibrils in a concentric 
meshwork. On extrusion from the oviduct there are many 
hair-like fibrils forming’ a loose external felting on the chorion. 
A micropyle is readily seen. A number of workers prior to 
1900 have reported observations on the structure of the egg 
membranes of fish (Ryder, 1885; Mark, 1890; Balfour and 
Parker, 1881, 1882; Schultze, 1856; Calberla, 1878; Lereboul- 
let, 1854; and Hoffman, 1881). 

Between the chorion and the embryo is the subchorionic 
space, which accounts for 25-35% of the internal volume of the 
chorionic shell, the remainder being taken up by the embryo 
and yolk. With the closure of the blastopore, the embryo and 
yolk are covered by a continuous layer of ectoderm which re- 
mains unbroken until the mouth and gills open shortly before 
hatching. 

1 Supported by grant A.E.C. 1343 to the M.B.L. 
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The original experiments of Loeb did not define the re- 
spective roles of the chorion and the ectoderm in the pene- 
tration of substances into the embryo. This present report is 
limited to a consideration of some of the permeability pro- 
perties of the chorion, firstly, some osmotic properties of the 
chorion, and secondly, the migration of hydrogen ions across 
the chorion as modified by salts. 


Osmotic behavior 


The osmotic properties were observed under several sets 
of conditions. When eggs are placed in concentrated solutions 
of sucrose, a depression develops in the chorion which in- 
creases until the chorion rests against the body of the embryo. 
It became apparent that this developing depression might 
serve as an index of the chorion’s permeability to water. 
Measurement of this process furnishes an index of the ex- 
osmosis of water. 

In addition, when the eggs with depressed chorions are 
placed in dilute solutions, or water, the spherical shape is 
restored. Measurement of this process furnishes an index to 
the endosmosis of water. 

The exosmosis of water also can be determined by care- 
fully introducing a fine capillary micropipette into the sub- 
chorionic space, and attaching this to a calibrated manometric 
device containing water. These eggs were then immersed in 
various media. It was observed that the chorion did not 
collapse, but rather the level of water in the manometric device 
fell at a steady rate. It is possible to compute the volume of 
water which has passed out through the chorion. 

When whole eggs are placed in a molal solution of sucrose 
in water, within a few seconds the depression has a diameter 
half that of the chorion. This was taken as the end point 
because of the ease of observation and the computation of 
the volume change. These same indented eggs were then 
placed in distilled water and the time required for their 
restoration to a sphere was determined. This latter process 
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terminated with a visible ‘‘snap’’ of the chorion. This term- 
inal ‘‘snap’’ was not as striking in those embryos in which 
ge mechanisms had been operative (Armstrong, 

6). 

Davson and Danielli (’43) define the permeability of a 
membrane to a substance as the net mol transfer per liter 
across a membrane of one square micron in one second per 
each gram-mol difference in gradient. With this a basis for 
calculation, the exosmosis when the depression is formed 
averages 1.1 « 10-4 mols/sec./?. 

The volume of water removed from within the chorion by 
the production of the depression, at the end point noted above, 
is given by the formula: 

V = 7/3 h(3r, + h?) 


where r, is the radius of the depression and equals half the 
radius of the sphere. The height of the chord, h, is given 
by the formula: 

h=r—r, Vy 3. 

With the mean radius of the chorion 0.9 mm the volume 
of water exchanged in the formation of the depression is 
0.0324 mm*. One gram-mol of water occupies about 18 em’. 
The formula for the surface area of a sphere is 4nr?. The 
basic formula to convert these data into a transfer rate is: 


mols/area X time X gradient 


The average time was 20 seconds for the formation of the 
depression to the end point. Table 1 gives the mean values 
of time involved, the gradients, and the calculated mean mol 
transfer rates. 

There is a difference in the gradient across the chorion in 
the depression and restoration responses of the chorion, a 
factor of some 11 times. The restoration, however, occurs at 
a rate twice that expected if the rate were dependent on the 
gradient alone. This apparent paradox is resolved in part by 
a consideration of the ‘‘snap’’ of complete restoration and 
the slow response of choria during early phases of hatching. 
These choria are resilient membranes, and one may poke at 
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them with needles and they will rebound away into the 
fluid with remarkable swiftness. Their behavior in this man- 
ner is analogous to plastic ping-pong balls. 

There seems to be a point in the restoration where the 
tension of the chorion becomes sufficient to restore the sphe- 
roid outline without benefit of an osmotic gradient. With 
many pores in the chorion, there is little resistance to this 
rapid movement of the sieve, which the chorion thus resem- 
bles. This higher rate of endosmosis may be explained by a 
concentration of the salts in the subchorionie space during 
the exosmosis of water in the formation of the depression, 


TABLE 1 


Mean water transfer rates in mols 


WATER MEAN TIME TRANSFER 
SITUATION GRADIENT COURSE RATES 
mols sec. Oa 
Depression in sucrose 7.8 20+3 1.2 
Restoration in water 0.7 100 + 15 2.5 
Manometrie device 7.8 arbitrary 2.8 


relatively reducing the ratio of the gradients, and changing 
the transfer rate to a value closer to 1.2 x 10-™, that of the 
exosmosis of water. Whether both mechanisms play a role, 
or in what proportion these are of import, was not further 
studied. 

Sucrose passes the chorion. Cryoscopic data suggest that 
the subchorionic concentration is the same as the external 
medium after about an hour. If the eggs are left in the 
sucrose media the depression will be lost with restoration of 
the spheroid shape of the chorion, in a time course of 50-75 
minutes. After 6 to 20 hours further exposure, the yolk sae 
becomes crenated, then the heart ceases to beat, and the 
embryo dies. Sometimes the eggs float when they are first 
placed in the sucrose media of higher density. Shortly they 
too sink, and about this same time the spheroid shape of the 
chorion has been restored and analysis of the subchorionic 
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fluid suggests that here again, the concentration of sucrose 
in the subchorionic space equals that of the external medium. 

Other solutions were tested for similar effects. Glycerol 
was made up to provide the same water gradient as molal 
sucrose and its effect was the same, except that restoration 
was more rapid. Sucrose in molal proportions in sea water 
caused a similar sequence of events, but restoration was 
slower. Exposure times up to 17 hours in this medium failed 
to kill any of the embryos. For the same osmotic effect of 
molal sucrose in sea water a solution of two molal sucrose in 
distilled water was used. Here restoration required about 
4 hours. After 22 hours the yolk sac became crenated and 
the chorion was again depressed. This occurred without kill- 
ing any embryos. 

It makes no difference relative to the behavior of choria 
in sucrose media whether the embryo died in early develop- 
ment or not. There are no differences between freshly stripped 
eggs, whether fertilized or not. In these terms the embryo 
has no regulatory function over the osmotic behavior of the 
chorion. In this connection a paper by Kao and Chambers 
(754) is significant. They observed changes in the internal 
hydrostatic pressure at the time of lysis of the yolk platelets 
during the first stages of activation. With strong sucrose 
solutions about the chorion no subchorionic space develops. 
This presumably is due to a balance of forces. The lysis of 
platelets normally is accompanied by a shrinkage of the yolk 
sac, so probably the water, and possibly other substances 
come from within the sac. A number of other investigators 
have considered the problem of water balance at the Pundulus 
chorion. Svetlov (’29) considered the osmotic pressure 
changes of the egg to be due largely to changes in the content 
of the subchorionic space. Brown (’03, ’07) found he could 
not set up a gradient of electric potential and considered 
this due to a membrane whose permeability to ions was so 
great as to preclude electrical gradients. 

The chorion of Salmo fario is similar. Bogucki (730) 
showed that these eggs develop in hypertonic media. Gray 
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(’20, ’32) also sensed an analogy for these two species from 
work on the trout egg. By an ingenious method he was able 
to show a rapid change in the subchorionic space with modifi- 
cation of the surrounding medium. The shell of Salmo is 
90 u thick and heavy. When the solution was light to the 
yolk, the yolk would sink and rest on the bottom of the shell, 
while if the yolk were light to the solution, the yolk would 
float up and rest against the inside of the apex of the shell. 


Facilitation of hydrogen ion passage across the 
chorion by various chloride salts 


It was shown by Armstrong (’27, ’28) that the pH of the 
subchorionic fluid approximates that of the surrounding 
medium whether this latter is sea water, distilled water, or 
a chemical solution. This change in pH is a gradual one. 
This may be followed by injecting colorimetric pH indicator 
dyes into the subchorionie fluid during the change at frequent 
intervals. 

The comparative rates of acid penetration had previously 
been inferred by observing the necrosis of the ectoderm and 
the cessation of the heart beat that follows the entry of 
hydrogen ions into the egg. Loeb noted a delay in these 
toxic effects by the addition of various salts to the acid. 
He postulated that this action was at the chorion. Armstrong, 
using dechorionated embryos of the same age as controls, 
suggested that the major site of the antagonism was at the 
ectoderm. The problem of the separation of the membranes 
to determine the site of action is largely a technical one. 
The mature eggs range from 1.7 to 2.1 mm in diameter and 
techniques for the removal of the chorion were not devised 
(Nicholas, ’27; Armstrong, ’27) until after Loeb had done his 
work on salt antagonisms. He used newly hatched fry as 
controls. These latter present to the various media and the 
natural environment some membrane surfaces other than the 
ectoderm; viz., the gill clefts and oral cavity. In order to 
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understand the ectodermal antagonism, the role of the chorion 
needed clarification. 

Five to 9-day embryos were used. At these stages the 
subchorionic space occupies about 25-35% of the total volume 
of the egg and ample fluid is available for pH determinations. 
For comparative purposes Loeb’s basic concentrations of 
salts and acids were used. The acetic acid was a constant 
M/500 solution, and the chlorides of potassium, calcium, and 
sodium were used in various strengths. The pH changes in 
acid alone and in combination with various salts were 
measured. 

In preliminary experiments it was found that 30 minutes 
were required for the pH of eggs fresh from sea water to 
become that of distilled water. These were then placed in a 
dilute borate buffer of pH 8.4 which was that of the sea water 
used. The process of re-adjustment took about 60 minutes. 
With these data as the basis, the technique developed was 
to leach the eggs for 90 minutes in several changes of distilled 
water, and then to place them in the dilute buffer for another 
90 minutes to restore the native pH of the chorion and sub- 
chorionic space. This had no discernible effect on the embryos. 

The pH of the M/500 acetic acid was computed to be 3.73 
and measured as 3.75 with bromphenol blue as the indicator 
dye. The end point used was 3.9, largely for the reason that 
the yellow color of the yolk seemed to interfere with readings 
beyond that point. Table 2 gives the various times observed 
for the various media to reach this end point. 

For each individual medium, a plot of the pH changes 
yields a sigmoid curve which was similar for all media, 
differing principally in slope. The salt effect, possibly, is in 
an abundant supply of ions to fill positions of charge on the 
protein matrix of the chorion which otherwise might require 
hydrogen ions, thus allowing a freer passage of the latter. 
In this respect sea water itself is effective. There is a small 
pH carrier effect of the salt media, which is approximately 
that of distilled water itself. The rate of diffusion of hydrogen 
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ion, using the Davson formula, ranges from 2.7 to 5.5 X 107 
mols/sec./p?. 

These data show a qualitative similarity between the 
Fundulus chorion and Loeb’s gelatin coated collodion mem- 
brane. The significance of his work, then, is in the basic 
antagonism of salts and acids at the ectoderm, for these data 
show there is no delay of hydrogen ion passage in the presence 
of salts. There is a delay in the sense that the ions reach the 
ectoderm later than they would if the chorion were not at all 
present. In this regard the chorion tends to protect the em- 


TABLE 2 


The observed time for the subchorionic fluid to reach the pH end point of 3.9 


SUBCHORIONIC FLUID EXTERNAL MEDIUM MINUTES 
Sea water acid 55 
Buffer acid 75 
Buffer acid, M/16 NaCl 70 
Buffer acid, M/32 NaCl 70 
Buffer acid, M/64 NaCl 70 
Buffer acid, M/128 NaCl 75 
Buffer acid, M/16 KCl 45 
Buffer acid, M/32 KCl 55 
Buffer acid, M/64 KCl 70 
Buffer acid, M/1024 CaCl, 45 
Buffer acid, M/2048 CaCl, 60 
Buffer acid, M/4096 CaCl, 60 


bryo from changes in the environment, although the chemical 
changes occur so rapidly that the chorion probably serves 
significantly only as a mechanical protection for the embryo. 

In 1928 Sumwalt pointed out that Armstrong’s data did 
not show that the ectoderm was the exclusive site of antag- 
onism. The present study establishes that fact. The ecto- 
derm is the sole site of the salt-acid antagonism, and probably 
the site of all regulatory processes between egg and environ- 
ment. Sodium-22 radiotracer was found to equilibrate across 
the chorion in the absence of a sodium gradient in about one 
hour, a rate sufficiently rapid to have significance on salt 
balance at the ectoderm (Shanklin, unpublished). Gray’s 
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work with the fresh water Salmo suggests that if any dif- 
ference exists between fresh and salt water forms in respect 
to this behavior, then this is more subtle than these methods 
of analysis can determine. 


SUMMARY AND CONCLUSIONS 


A description of the structure of the chorion is presented. 
Water readily passed the chorion in both directions. Sucrose, 
glycerol and sodium ion pass the chorion, and to an equilib- 
rium concentration equal to that of the external environment. 
The age of the egg after closure of the blastopore and whether 
the egg is alive or not have no effect on the passage of water, 
except that after a weakening of the chorion by the hatching 
enzyme the responses differ somewhat. Prolonged exposure 
to strong osmotic solutions leads eventually to crenation and 
death of the embryo. Hydrogen ion passes the chorion, and 
after a brief time the pH of the subchorionic space is the 
same as the external medium. Salt solutions accelerated this 
passage of hydrogen ion and in general the acceleration in- 
creases with the strength of the salt solution. The site of 
the salt-acid antagonism observable in the intact egg is there- 
fore at the ectoderm. 
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EVIDENCE OF ERYTHROCYTE INCOMPATIBILITY 
IN PIGEONS OF AN INBRED STRAIN USING 
RADIOCHROMIUM-TAGGED CELLS! 


HORACE N. MARVIN 
Department of Anatomy, University of Arkansas Medical Center, Little Rock 


ONE FIGURE 


Although it is well known that blood from one human being 
may produce severe reactions when transfused into another, 
such reactions receive little attention among the lower ani- 
mals. In practice blood from individual dogs, rats, guinea pigs 
and rabbits is given intravenously to others of the same 
species with little expectation of transfusion reactions. Sim- 
ilarly such procedures have been used in our laboratory on 
pigeons and ducks with no outwardly apparent reactions. 
Data have been collected, however, which show that erythro- 
cytes of one individual pigeon may have a very short survival 
when transfused into another individual of the same strain, 
and the data demonstrating this incompatiblity are the subject 
of this report. 

MATERIALS AND METHODS 


Pigeons of the White Carneau strain, 6 weeks of age when 
received, were used throughout the study. The birds were 
maintained on Purina Pigeon Chow and water, ad libitum. 

One ml of blood was removed from the wing vein by veni- 
puncture, and was drawn into a syringe containing 1 ml ACD? 
solution. The diluted blood was gently delivered into a 50-ml 

1 This investigation was supported in part by a research grant C-1500 from the 
National Cancer Institute, National Institutes of Health, Publie Health Service; 
and American Cancer Society Grant No. IN-1. 

2 Abbott Laboratories, special A-C-D Solution, containing: dextrose, 132 mg; 
sodium citrate, 250 mg; citric acid, 80 mg; water, 10 ml. 
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beaker to which was added 0.5 ml of a diluted radiochromium- 
51 solution. Dilutions of the stock solution, as sodium chro- 
mate, were made such that 0.5 ml contained 20-24.5 ye of radio- 
activity and 0.81-0.96 pg of chemical chromium. The mixture 
was incubated at room temperature for 20 minutes with occa- 
sional, gentle agitation, and 10 mg of l-ascorbic acid were 
added to reduce the hexavalent chromium to the trivalent 
form to prevent further tagging of the erythrocytes (Read, 
53). The mixture was then injected intravenously into 
designated birds. Twenty-four hours later a 0.1 ml sample 
was drawn from the leg vein of each bird, and at appropriate 
intervals thereafter. Hach sample was placed in a small plastic 
vial containing 4 ml of physiological saline. The Cr activity 
of the samples was determined, and the survival times of the 
erythrocytes derived as reported previously (Marvin and 
Lucey, 757). 


RESULTS AND DISCUSSION 


In table 1 the results are summarized, with the birds receiv- 
ing isologous® blood grouped according to the maximal sur- 
vival times. Of the 12 birds receiving blood from other indi- 
viduals, three or 25% had normal, 5 or 42% had moderately 
reduced, and 4 or 33% had severely shortened maximal sur- 
vival times, as compared with the average value for the 16 
tests using autologous transfusions. 

In 10 cases birds were transfused isologously, then after the 
tagged cells had not been detected for 4 weeks, each bird was 
transfused with its own blood tagged with chromium, thus 
serving as its own control. This procedure was carried out in 
order to eliminate the possibility that certain birds may have 
an excessive, intrinsic, hemolytic process. It should be empha- 
sized that none of the birds appeared to. be deleteriously 
affected by the injection of blood from other individuals. 
Also of importance is the fact .that none of the birds had 

*The term autologous refers to injections of blood into the same individual 


from which it was obtained; isologous, into another individual of: the same 
inbred strain. ; 
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Fig 1 Erythrocyte survival curves of three pigeons showing on the left the 
autologous survival, and on the right the isologous survival of cells. Figure 1A 
represents an instance of normal survival isologously, figure 1B a case of moderately 
shortened, and figure 1C an instance of severely shortened survival. 


been treated in any fashion before receiving the blood of 
another bird. 

Although subject to considerable variation within groups, 
the mean survival and 50% survival times were correlated 
with the maximal survival times. The greater variability of 
the first two statistics, as compared to maximal survival 
times, has been reported previously (Marvin and Lucy, ’57). 

The presence of immunologically demonstrable antigens in 
the erythrocytes of pigeons and pigeon-dove hybrids has been 
reported by Irwin and his group (reviewed by Irwin, ’55). 
Normal bovine serum agglutinates the erythrocytes of chick- 
ens, and it has been found that chickens of several families 
fall into three classes based on their capacity to react (Briles, 
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Briles and Irwin, ’52). By procedures similar to those used 
by Irwin (’55), McGibbon (’44) has demonstrated antigens 
in the erythrocytes of ducks, species specific for the Mallard 
and Muscovy strains. Thus there seems to be ample evidence 
that erythrocyte antigens exist in several species of birds. 
The data reported herein strongly suggest that transfusion 
incompatibilities exist between individuals of a single strain 


of pigeons. 
TABLE 2 


Comparison of survival times of donor blood isologously transfused 
into several hosts 


MAX. RBC SURVIVAL 


DONOR RECIPIENT 
Lay YaEED Group Days 
386A 9 Normal 46 
90 Normal 45 
55 Moderate 32 
aly 36B Normal 47 
98 Moderate 28 
44 62 Moderate 30 
79 Short 16 
30 94 Moderate 22 
68 Short 14 
85 Short 15 


In table 2 of some of the data is grouped to show that the 
survival of cells from one pigeon will differ, depending upon 
the pigeon into which it is injected. It is noteworthy that 
in no case did the injected blood have widely different survival 
times in recipient birds. That is, the donor blood had either 
normal and moderate, or moderate and short survival times; 
not normal and short. This fact may be significant immunolog- 
ically, and subject to resolution by those techniques. 

As reported previously by Rodman, Ebaugh and Fox (’57) 
and confirmed by Marvin and Lucy (’57), the number of 
tagged cells has a curvilinear relationship to time in days. In 
figure 1 are shown representative curves of red cell survival 
of both autologous and isologous transfusions of the three 
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levels of survival; namely: normal, moderately shortened, and 
severely shortened. The extended initial slopes of the curves 
and their intercepts with the time axis are shown, which is the 
method of Dornhorst (’51) for determining the mean survival 
time. From an inspection of the curves, it can be seen that 
there is a quantitative difference between the autologous and 
isologous curves, but not an obvious qualitative difference. 
This would suggest that the incompatibility is really an 
acceleration of existing process, rather than an introduction of 
a drastically new process. 


SUMMARY 


Erythrocytes of pigeons were tagged with radioactive 
chromium and injected intravenously into the individual bird 
(autologously) from which they were obtained. Under this 
circumstance, the cells were found to have an average mean 
survival of 12.3 days, a maximal survival of 46.0 days, and 
50% had disappeared in 8.8 days. When the tagged cells 
were injected into a bird of the same strain other than the 
donor (isologously), the survival was shortened significantly 
in 75% of the tests. These findings are taken as evidence of 
transfusion incompatibility within a single strain of pigeons. 
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TREHALASE IN THE THORACIC MUSCLES OF 
THE WOODROACH, LEUCOPHAEA MADERAE 


E. C. ZEBE? anp W. H. McSHAN 
Department of Zoology, University of Wisconsin, Madison 


FOUR FIGURES 


Recently Wyatt and Kalf (’56) discovered that the hemo- 
lymph of a number of different insects contains relatively 
large amounts of the disaccharide trehalose (a-D-glucopyran- 
osyl-a-D-glucoypyranoside). This sugar, until then, was 
known to occur only in lower plants, especially in fungi. Pre- 
viously Frerejacque (’41) and Duspiva (’54) had reported 
that the digestive tract of certain insects is able to split 
trehalose into glucose. In a few preliminary experiments 
Frerejacque (’41) also showed the presence of a specific 
trehalase in insects. 

Considering the apparent significance of trehalose in the 
hemolymph of insects, based on the large amounts found by 
Wyatt and Kalf (756), it was of interest to study the enzyme 
which acts specifically upon this sugar. 


MATERIAL AND METHODS 


Thoracic muscle of the woodroach, Leucophaea maderae, 
which contains a very active trehalase was used for most of 
the experiments. The tissue was homogenized with a Potter- 
Elvehjem homogenizer. Then the homogenate was frozen be- 
cause this treatment proved to increase the trehalase activity 
(table 2) probably by facilitating the access of the substrate 
to the enzyme. The reaction mixture was incubated at 387°C 

1 Fellow of the Scientific Research Project of the International Coopera- 
tion Administration (OEEC-151). Present Address: Physiol.-Chem. Institut der 


Universitit Marburg, Lahn (Germany). 
21 


22 E. C. ZEBE AND W. H. McSHAN 


and shaken continuously. At the end of the incubation time 
Ba(OH), and ZnSO, were added. This proved to be sufficient to 
stop the reaction immediately. After centrifugation of the 
precipitate the formed glucose was determined in the super- 
natant filtrate by the method of Somogyi as modified by 
Nelson (744). 

Reaction products 


It had been suggested by Frerejacque (’41), and Wyatt and 
Kalf (’56) that the hydrolysis of trehalose possibly may be 
coupled with a phosphorylation step similar to the hydrolysis 
of sucrose observed in some bacteria (Doudoroff et al., 748): 


Sucrose + inorganic phosphate = 
elucose-1-phosphate +- fructose 


If this is true for insect trehalase, it would mean that this 
enzyme belongs to the group of the disaccharide phosphor- 
ylases. In order to find out whether other reaction products 
besides glucose had been formed in the hydrolysis of trehalose 
the reaction mixtures were analyzed by means of paper chro- 
matography for sugars (Trevelyan et al., 750) and sugar 
phosphates (Mortimer, ’52). The results were negative as it 
was not possible to detect any other compound except glucose 
arising from the hydrolysis of trehalose. It seems probable, 
therefore, that insect trehalase acts like an ordinary hydro- 
lase. 
Specificity and inhibition 

The specificity of insect trehalase is demonstrated in table 1. 
The enzyme hydrolyzed sucrose and maltose only to a very 
small extent. Even after long incubation (24 hrs.) most of the 
sucrose remained unchanged while maltose appeared to be 
hydrolyzed to a somewhat greater extent. Both sugars had 
an inhibitory effect on the hydrolysis of trehalose. Thus, when 
sucrose and maltose were present in the same concentration 
as trehalose they inhibited about 40% of the activity obtained 
with trehalose alone, Lactose was not attacked by muscle 
homogenate of the woodroach and neither did it inhibit the 
hydrolysis of trehalose. 
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TABLE 1 


Hydrolysis of trehalose by homogenate of woodroach muscle and the influence 
of some other sugars on it 


Trehalose + + + + = = che = 
Sucrose = + _ =< =e = = = 
Maltose — — + = — + as = 
Lactose = — = + —— = ae = 
Glucose 


Cx< dO ND) BEEK) 2.39 2.66 4.16 0.39 1.000 0.17 0.11 


0.2 ml 10% homogenate; 2.14 x 10° M substrates; reaction medium: 0.033 M 
phosphate buffer, pH 6.0; incubation time: 60 minutes. 


Properties 


The pH optimum of the woodroach trehalase was found to 
be at 6.0 (fig. 1). The enzyme appears to be rather stable for 
the speed of its action remained constant for several hours 
(fig. 2). The amount of glucose formed from trehalose is 
linearly related to the concentration of the enzyme (fig. 3). 
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4.0 
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x107& M GLUCOSE 


eS: 60 64 6.8 72 76 80 84 
pH 


Fig. 1 Influence of pH on the hydrolysis of trehalose by woodroach muscle 
homogenate; 2.14 X 10° M trehalose; reaction medium: 0.033 M phosphate buf- 
fer, pH 6.0; ineubation time: 90 minutes. 


The extraction of the enzyme from the tissue was attempted. 
The muscles were alternately homogenized, frozen and ex- 
tracted with a tenfold volume of isotonic KCl solution. This 
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procedure was repeated 5 times. The extracts showed high 
trehalase activity which decreased only slightly from one 
extract to the next. The residue after 5 extractions still con- 
tained very high activity, showing that in spite of the efficient 
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Fig. 2 Trehalose hydrolysis by homogenate of woodroach thoracic muscle as a 
function of time; 2.0 ml 10% homogenate; 5.40 X 10+ M trehalose; reaction 
medium: 0.033 M phosphate buffer, pH 6.0. 
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Fig. 3 Trehalose hydrolysis by homogenate of woodroach thoracic muscle as 
a function of enzyme concentration; 5.35 X 10-- M trehalose; reaction medium: 
0.033 M phosphate, pH 6.0; incubation time: 60 minutes, 


extraction procedure used insect trehalase remained to a 
large extent in the particulate fraction of the cell (table 2). 

In this connection it may be pointed out that the influence of 
phosphate on the hydrolysis of trehalose by the residue of 
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woodroach muscle was also studied. It was supposed that 
probably a great part of the phosphate content of the tissue 
had been removed by the 5 extractions. One would expect, 
therefore, that the concentration of the remaining phosphate 
would become the limiting factor in the hydrolysis of trehalose, 
if this reaction was coupled with a phosphorylation. Also a 
great difference in the formation of glucose should be found 
according to whether phosphate was added or omitted. It was 
demonstrated in parallel experiments with phosphate buffer 
and citrate buffer, respectively, that exactly the same yield of 


TABLE 2 


Hydrolysis of trehalose by whole homogenates, different extracts, and residues 
from woodroach thoracic muscle 


M glucose/ml preparation 


Whole homogenate, unfrozen 1.94 
(10%) frozen 2.82 
Extract No. 1 0.91 
Extract No. 2 0.89 
Extract No.3 0.66 
Extract No. 4 0.37 
Extract No. 5 0.27 
Residue (10%) 3.80 


0.2-0.6 ml preparation, 2.14 10° M trehalose; reaction medium: 0.033 phos- 
phate buffer, pH 6.0; reaction time: 90 minutes. 


glucose was obtained by the action of the residue, thus con- 
firming the results reported above by means of another 


method. 
Localization 


In order to find out something more definite about the locali- 
zation of the trehalase within the cell, the mitochondria of the 
muscles were isolated (Sacktor, ’53) and tested for their 
trehalase activity. A preparation of mitochondria which 
proved to be essentially microscopically pure contained very 
high activity. Thus mitochondria have to be considered as one 
seat of the trehalase activity in insect muscle. Whether it may 
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also be found in other elements of the cell appears still un- 
certain since several attempts to obtain highly pure prepara- 
tions of these fractions of the cell have not been successful. 


Trehalose synthesis 


It was of interest to determine whether under certain condi- 
tions the a-glucosidase which hydrolyzes trehalose is also able 
to act in the reverse direction, in other words, to synthesize 
trehalose from glucose. Muscle homogenate was incubated 
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Fig. 4 Chromatogram of the reaction mixtures obtained after incubation of 
woodroach thoracic muscle homogenates with 20% glucose in 0.132 M phosphate 
buffer, pH 6.0. I, after 24 hrs.; II, after 48 hrs.; III, after 96 hrs.; IV, control, 
substrate omitted; V, control, homogenate omitted; VI, pure sugar solutions for 
comparison, Solvent: butanol-acetie acid-water (4:1:5). Spots developed with 
AgNO, and aleoholic NaOH. 


with 20% glucose solution and 0.132 M phosphate buffer, 
pH 6.0. The reaction mixture which -had been kept in an 
atmosphere saturated with toluene fumes was analyzed by 
means of paper chromatography (Trevelyan et al., ’50) after 
24, 48 and 96 hours. The chromatograms showed spots which 
had exactly the same R, as the pure trehalose of the control 
mixture (fig. 4). The size of these spots increased with the 
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incubation time. This finding seems to prove that woodroach 
muscle has not only the ability to hydrolyze trehalose, but 
also to synthesize it from glucose. In addition to the spots 
which probably were identical with trehalose, two others were 
detected whose R, was much lower than that of trehalose. 
They have not yet been identified. Possibly they are indicat- 
ing the formation of sugars which consists of more than two 
glucose units. Such oligosaccharides have been found to be 
formed by the action of other glucosidases (Duspiva, °54; 
Crook and Stone, ’57). In experiments where muscle homo- 
genate was incubated with maltose similar spots with a very 
low R; were found. 


Distribution 


Trehalase activity was found also in other tissues of the 
woodroach. The data obtained from the fat-body were rather 
low. No activity was detected in hemolymph. Extremely 


TABLE 3 


Hydrolysis of trehalose and sucrose by the different parts of the woodroach 
gut and their contents 


x 10-§ M GLUCOSE 


Fore-gut Mid-gut Hind-gut 
Epithelium 
Substrate: Trehalose 13.07 3.50 0.06 
Sucrose 5.16 6.12 0 
Control 0 0 0.11 
Contents 
Substrate: Trehalose , 12.80 UE\aI 3.80 
Sucrose 12.90 ee 1.50 
Control 0.11 0.11 0.28 


2.14 < 10° M trehalose: and sucrose; reaction medium: 0.033 M phosphate buffer, 
pH 6.0; incubation time: 60 minutes. 


high values were measured in the epithelium of the fore-gut 
from which the content had been removed. They were twice 
as high as those of invertase activity (expressed in terms of 
sucrose hydrolysis; table 3).. The content of the fore-gut 
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which was suspended and extracted showed equally high activ- 
ities of both enzymes. This indicates that trehalase is not 
only found within the cells, but is also secreted into the lumen 
of the digestive tract. In the epithelium of the mid-gut the 
trehalase activity was significantly decreased while the level 
of activity remained unchanged in its content. No activity was 
found in the hindgut epithelium while the content still showed 
some remaining activity. 

Experiments on insects belonging to such different groups 
as Diptera (Phormia regina), Hymenoptera (honey-bee) and 
Lepidoptera (Prodenia eridania, Rothschildia forbesi) gave 
results very similar to those obtained with the woodroach. 
This seems to be of special interest since, for instance, bees 
and moths as adults very likely do not have any opportunity 
to take up trehalose with their food. 


SUMMARY 


The homogenate and extract of thoracic muscle of the wood- 
roach, Leucophaea maderae, catalyze the hydrolysis of treha- 
lose. This hydrolysis is a result of the action of a specific 
trehalase. This enzyme shows optimum activity at pH 6, is 
localized to a large extent in the mitochondria, can catalyze 
the synthesis of trehalose from glucose, and is also found in 
the epithelium and the content of the fore-gut and mid-gut. 
Insects belonging to such different groups as Diptera, Hym- 
enoptera and Lepidoptera gave results similar to those ob- 
tained with the woodroach. 
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ATROPINE EFFECTS 
ON THE EMBRYONIC RAT HEART? 


BE. K. HALL 
Department of Anatomy, University of Louisville School of Medicine, 
Louisville, Kentucky 


TWO FIGURES 


There is diversity of opinion as to the nature of action of 
atropine on cardiac muscle. It is stated in some texts that 
atropine has slight and insignificant direct effects, in others 
that small doses stimulate but that large doses depress. Near- 
ly all authors agree that, in blocking acetylcholine (ACh) ef- 
fects, the drug acts not upon the nerve endings but directly 
on the muscle fiber. These statements can evidently be tested 
by experiments on the embryonic (pre-neural) heart. 

In the present investigation, it was observed that atropine 
had no chronotropic or inotropic effects on the embryonic rat 
heart, that low concentrations were effective in blocking high 
ACh concentrations, but that these blocking effects were tran- 
sitory and could no longer be demonstrated within 45 minutes. 


MATERIALS AND METHODS? 


The materials and methods were in general those of pre- 
vious investigations (Hall, ’51, ’54, ’55, ’57). The 1144-day 
rat embryos were removed singly from the female to Krebs- 
Ringer solution at body temperature, where the hearts were 
dissected out under the binocular dissecting microscope. 


1This investigation was supported in part by a research grant (H-1503-C4) 
from the National Heart Institute of the National Institutes of Health, Public 
Health Service. 
2It is a pleasure to acknowledge the assistance of Mr. David T. Lewis, Mr. 
William P. Hale and Mr. Edward M. Bowles, Jr., student research scholars, in 
the course of this investigation. 
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The hearts were then transferred to fresh solution for initial 
control determinations, which were continued until the con- 
traction rate had stabilized. This initial control solution 
(approximately 360 ml, like the succeeding solutions) was con- 
tained in and completely filled a finger bowl, which was cov- 
ered with a square of plate glass to prevent loss of CO, and 
consequent rise of pH. The preparation was thus essentially 
a tissue culture with so large an amount of medium that 
changes in its composition due to the activity of the tissue 
were precluded. 

During observation in the finger bowl and transfer from one 
solution to the next, the heart rested at the bottom of a con- 
tainer consisting of a shortened glass vial, whose very small 
capacity (0.15-0.35 ml) ensured that only minimal quantities 
of fluid and of dissolved drugs were transferred. 

The contraction rate was determined by timing 50 beats with 
a stop-watch each minute, or more frequently when rapid 
changes in rate were occurring. Fisher’s t values were eal- 
culated to determine whether differences between average con- 
traction rates were statistically significant. Amplitude of 
contraction was frequently estimated, and recorded on an 
arbitrary scale. 

A total of 80 control hearts were maintained in Krebs- 
Ringer without drugs for 80 minutes; the average rate during 
the first 5-minute period was not significantly different from 
that during the last 5-minute period. 

‘‘Coneurrent ACh control’’ hearts (section IV) were stud- 
ied after every third or fourth experimental heart to test the 
effectiveness of the ACh solution. When these ‘‘control’’ 
hearts occasionally failed to react in typical fashion, the im- 
mediately preceding experimental cases were discarded, and a 
fresh stock ACh solution was prepared. At the end of a day’s 
experimentation, the female rat was subjected to the test for 
chromodacryorrhea (Tashiro, Smith, Badger and Kezur, °40) 
as a biological assay of the stock ACh solution. 

The stock solution of ACh was kept at about pH 5 to prevent 
the spontaneous hydrolysis that occurs at higher pH levels. 
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Experimental ACh solutions were made up immediately be- 
fore use from stock solutions. Both ACh bromide and chloride 
were used. 

The ACh concentration used experimentally was purposely 
high (40 mg/l), so that the blocking action of atropine sul- 
phate (0.15 and 0.6 mg/l) could be tested against pronounced 
ACh effects. 

The aneural character of these embryonic hearts has been 
established by silver impregnations (Hall, °51); recent ob- 
servations (Hogg, ’57) have confirmed and extended these 
findings. 


EXPERIMENTAL 


Four types of experiment with atropine were performed, 
as follows: 


I. With the concurrent use of ACh 


Thirty hearts were studied individually. After excision of 
the hearts from the embryos, initial control determinations 
were made for 5 minutes; the average of these was 172/ 
minute. 

The hearts were then transferred to a Krebs-Ringer solu- 
tion containing 0.15 mg’/] of atropine sulphate and 40 mg/1 of 
ACh for 5 minutes, where 16 of the hearts were arrested, 
usually within the first minute, for 17 seconds on the average. 
Most of the remaining 14 hearts decelerated briefly, usually 
within the first minute, and when the slowest rates of these 
14 were selected, their average was found to be 115/minute. 

Graph A of figure 1 is a composite graph which takes into 
account all of the rate determinations (usually 6-8) made 
during the experimental period; this graph shows that re- 
covery of the contraction rate occurred while the hearts were 
still in the experimental solution, beginning with the second 
minute in this solution. 

The hearts were finally placed in the terminal control solu- 
tion for 5 minutes, where the average rate was 154/minute. 
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Fig. 1 Graph A: Composite graph to show the activity of 30 hearts in Krebs- 
Ringer containing 0.15 mg/1 of atropine and 40.0 mg/l of ACh. (The lowest rate 
in each minute for each heart was used in this and the following graphs.) Graph 


B: Composite graph to show the activity of 30 ‘‘coneurrent ACh control’’ hearts 
in Krebs-Ringer containing 40.0 mg/l of ACh. 


IT. With the use of Atropine previous to the 
Atropine-ACh solution 


A. Atropme Sulphate at 0.15 mg/I 

Thirty hearts were studied individually (graph A of fig. 2). 
Contraction rates were determined over a 5-minute initial 
control period; the average of these was 179/minute. 

The hearts were then placed for 5 minutes in a 0.15 mg/1 
solution of atropine in Krebs-Ringer; the deceleration which 
occurred to an average of 171/minute was not statistically sig- 
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nificant. The estimated amplitude of contraction in this solu- 
oe was unchanged from that in the preceding control solu- 
ion. 
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Fig. 2 Graph A: Composite graph to show the activity of 30 hearts in Krebs- 
Ringer containing 0.15 mg/1 of atropine, then in Krebs-Ringer containing in addi- 
tion 40.0 mg/l of ACh. Graph B: Composite graph to show the activity of 30 
hearts in Krebs-Ringer containing 0.60 mg/1 of atropine, then in the same solution 
after the addition of 40.0 mg/l of ACh. 


The hearts were then transferred for 5 minutes to Krebs- 
Ringer containing both atropine (0.15 mg/l) and ACh (40 
mg/l). The average rate in this solution was 155/minute, 
again a change without statistical significance. 

Transitory deceleration typical of the ACh effect was not 
observed in the atropine-ACh solution, and the average of the 


36 Bo Ke HAUL 


lowest rates of the 30 hearts was only slightly less than the 
average contraction rate (148 vs. 155/minute). Arrest did 
not occur in the atropine-ACh solution and variations in am- 
plitude of contraction were not observed. 

The average terminal control rate was not significantly 
different from that in the atropine-ACh solution. 


B. Atropine Sulphate at 0.60 mg/l 

Thirty hearts were studied (graph B of fig. 2), as in the 
preceding section, except that the concentration of atropine 
was 0.60 mg/l. A special effort was made to select hearts 
whose contraction rate had become completely stabilized. 

The average initial control rate and also that in the atro- 
pine was 158/minute. ACh in solution was injected into the 
finger bowl containing the atropine solution to avoid disturb- 
ing the heart by transferring it, care being taken that thor- 
ough mixing occurred. The contraction rate in this solution 
of the two drugs averaged 154. There were no arrests or 
marked changes in rate, the average of the lowest rates in the 
atropine-ACh solutions being 150/minute. 

The terminal control rate averaged 156/minute. There is no 
significant difference between the average rates of the four 5- 
minute periods during which these hearts were studied. Vari- 
ations in amplitude were not observed. 


III. Experiments to determine the duration 
of Atropine blocking 


Thirty hearts were studied individually. After an initial 
control period, during which the average rate was 156, the 
hearts were maintained for 5 minutes in Krebs-Ringer con- 
taining 0.15 mg/l of atropine sulphate, where the average rate 
was 158/minute. The hearts were then transferred to inter- 
mediate control solutions without drugs for 15, 30 or 45 min- 
utes (10 hearts each). After this, the hearts were placed in 
ACh solutions (40 mg/l) for 5 minutes, and finally into ter- 
minal control solutions for 5 minutes. 
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Of the 10 hearts maintained for 45 minutes in the intermedi- 
ate control, 8 were arrested in the ACh solution for an average 
of 98 seconds and the remaining two decelerated 27% from the 
immediately preceding control rates. These effects were com- 
parable to those obtained in the ‘‘concurrent ACh control’? 
experiments of Section IV. Less pronounced ACh effects were 
obtained in the hearts maintained for only 15 and 30 minutes 
in the intermediate control solutions. 


IV. Concurrent ACh controls 


Concurrent ACh control observations were made on 30 
hearts in the course of the preceding experimentation to test 
the effectiveness of the ACh solution (graph B of fig. 1). 

After each third or fourth experimental heart, a fresh heart 
was observed during an initial control period (average rate 
for 30 hearts: 171/minute). This heart was then transferred 
to a 40 mg/l ACh solution, where 21 of the 30 hearts were 
arrested within the first minute for an average of 47 seconds. 
The remaining 9 hearts decelerated to an average of 122/min- 
ute, a 29% reduction. The average rate increased during the 
5-minute period in the terminal control solution, but recovery 
was incomplete. 


DISCUSSION 


It is now the consensus that autonomic drugs act, not upon 
nerve endings, as was once believed, but directly on effector 
cells. Some of the most direct evidence for this point of view 
is derived from experiments with embryonic organs into which 
the migration of nerve cells and nerve fibers has not occurred. 

Few investigators have dealt with the effects of atropine on 
the embryonic vertebrate heart. Pickering (1893, 1895) ob- 
tained typical muscarine and atropine effects only at later 
(innervated) stages of the chick embryo, whereas at earlier 
(pre-neural) stages, muscarine had no specific action and 
atropine had only a comparatively small depressant action. 
With earlier and later mammalian embryos (ages not given), 
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however, Pickering (1896) observed typical depression with 
muscarine, which was removed by the application of atropine. 

Fujii (’27) studied the effects of atropine on isolated em- 
bryonic chick hearts, and observed inhibition at higher dose 
levels and stimulation at lower dose levels and at later stages. 
He stated that the influence of atropine on the vagus nerve 
endings, like that of ACh, could be demonstrated with cer- 
tainty only on the fourth day of development, and concluded 
that autonomic nerves were either entirely undeveloped at 
earlier stages, or insufficiently developed to be demonstrated 
by pharmacological methods. 

Armstrong (’31, ’35) observed atropine blocking of the 
effects of vagus stimulation and of ACh and pilocarpine on the 
embryonic fish heart. However, in this heart, ACh was found 
not to produce its characteristic effects until after innervation, 
and atropine effects on the pre-neural heart were not demon- 
strated. 

Cullis and Lucas (’36) found that embryonic (pre-neural) 
chick hearts of less than two days incubation were arrested 
or markedly slowed by ACh, but there was instant recovery on 
transference to atropine solution. After preliminary immer- 
sion in atropine, ACh effects were reduced or abolished. 

Smith, Glassman, Lind, Post, Sohn and Warren (’54) used 
atropine on older (innervated) embryonic chick hearts, and 
found that it inhibited cardiac irregularities and acceleration 
caused by ouabain, but did not of itself cause rate changes. 

In the present investigation, it was found that atropine 
blocking of ACh effects on the embryonic rat heart did not de- 
pend on innervation, but could be obtained before invasion of 
nerve cells and nerve fibers into the organ. The blocking ac- 
tion was thus directly on the heart muscle fiber, and the find- 
ings are in accord with those of Cullis and Lucas (’36) on 
the embryonic chick heart. 

Blocking of ACh effects was incomplete when the embryonic 
rat hearts were transferred directly from a control Krebs- 
Ringer solution to a solution containing both ACh and atro- 
pine. The blocking was complete if the hearts had been in an 
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atropine solution just previously. Atropine effects on the 
embryonic rat heart were found to persist for 30 minutes, 
but after 45 minutes in control solutions the hearts showed 
ACh effects that were comparable to those obtained in the 
‘concurrent ACh control’’ experiments of section IV. 

In contrast to the results of Pickering (1893, 1895) and of 
Fujii (’27) on the embryonic chick heart, atropine was found 
neither to stimulate nor to inhibit rate in the embryonic rat 
heart. Chronotropic effects of atropine have been denied by 
other authors: Wedd and Blair (’45) found that atropine in 
concentrations as high as 1/25,000 had no significant effect on 
the rhythmicity or contractility of the adult turtle heart. 
Greiner and Garb (’50) reported no demonstrable effects on 
irritability or automaticity of cat papillary muscle. Inotropic 
effects of atropine were not observed in the present investi- 
gation. 

It is interesting to note that the molar concentration of ACh 
of the experiments here reported was more than 1,000 times 
that of the lower atropine concentration (0.15 mg/l). The 
atropine concentrations used were not much greater than the 
minimum toxic dose in man (about 0.03-0.05 mg/kg, Berger 
and Ballinger, ’47), and were within the range used with hu- 
man subjects (as high as 0.7 mg/kg, Cullumbine, McKee and 
Creasey, 55). Very much higher dose levels of atropine have 
been used in the rat (25 mg/kg, Tnnesen, *48). 


SUMMARY 


In summary, it may be stated that under these experimental 
conditions atropine did not affect heart rate or estimated am- 
plitude, that atropine in low concentrations blocked ACh ef- 
fects on (pre-neural) embryonic rat hearts if allowed to act 
on these hearts just before their exposure to ACh, and that 
the direct action of atropine in blocking ACh effects on em- 
bryonic cardiac muscle is therefore indicated. 
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THREE FIGURES 


This paper deals with hemolysis brought about by two dif- 
ferent kinds of photochemical reaction. The first of these is 
forwarded by radiation from the ultraviolet spectrum. It 
may be schematized by 

hv 

EOS, (1) 
where X is a substrate in the cell which is altered photochem- 
ically, the superscript hv indicating that X itself is the light- 
absorber, or chromophore, which captures the quantum hy. 
The product of the reaction is X,, the formation of which 
leads in some way to hemolysis. The steps in this process 
are not known. This effect we refer to as ultraviolet hemolysis 
(cf. Cook, 56). 

The second kind of reaction is brought about by visible or 
ultraviolet radiation through the intermediacy of a photo- 
sensitizing dye, usually exogenous. It may be schematized by 


e (2) 
D+ xX +0, > X..+ D 


where D is the dye, which in this case is the chromophore. 
Again the steps are not clear, but in the course of the reaction 


1A preliminary report on some of the data included in this paper has been 
published elsewhere (Blum and Cook, 56). 
2. §. Public Health Service Post-doctoral Fellow during part of these studies. 
3 National Institutes of Health; Department of Health, Education, and Welfare ; 
Bethesda, Maryland. 
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the substrate becomes oxidized to X,,. D is not used up, as is 
indicated by its appearance on the right hand side of the 
reaction scheme. The effects of this kind of reaction, when 
occurring in biological systems, are commonly described by 
the term photodynamic action, and we refer to the particular 
process examined here as photodynamic hemolysis. (For dis- 
cussions of such processes, cf. Blum, ’41; Blum and Kauzmann, 
254 Clare, 56.) 

The schemes given above are necessarily vague, since we 
are not clear as to the nature of the substrate X, which could 
be more than one substance, e.g., protein and/or lipid, and 
which is not necessarily the same in the two cases. Similarly, 
we do not know the nature of the products X, and X,,, which 
are probably different. However, both reactions initiate he- 
molytic processes which appear to be very similar in the two 
cases. 

It will be shown in the first part of this paper that the 
hemolytic process set off by either one of these reactions 
follows the same kind of kinetics and the same dose-effect 
relationships. In the second part, the difference in O, de- 
pendence, which is to be expected from the reaction schemes 
above, is examined. Since some of the methods used were the 
same in both studies, these will be described first. 


MATERIALS AND METHODS 


Rabbit erythrocytes were used in all the experiments re- 
ported here except some dealing with the kinetics of photo- 
dynamic hemolysis in which human cells were used. (Other 
experiments have shown that the relationships are the same 
in both species; the only quantitative differences found lie in 
the magnitude of the constants in the derived equations.) 
Coagulation was prevented with either Na-citrate or heparin. 
The cells were washed three times, then resuspended in 0.9% 
NaCl-PO, (0.1389 M NaCl, 0.0088 M Na,HPO,, 0.0014 M 
NaH,PO,; pH =7.4), to make up the original whole blood 
volume. In some of the longer experiments 10 y per milliliter 
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of chloromycetin (Parke, Davis) were added to the suspen- 
sion to protect the cells from bacterial hemolysis. 

For irradiation the washed cell suspension was diluted 
1: 400 in NaCl-PO, and 1 ml of the dilute suspension placed in 
a quartz dish one inch in diameter. When the cells from this 
volume of suspension settle to the bottom of the dish, they 
form virtually a single layer. As shown in figure 1, the dish 
containing the cells was placed in a metal chamber provided 
with a quartz window at the bottom through which the cells 
could be irradiated, and a glass window at the top through 
which they could be observed. Water at controlled tempera- 
ture could be circulated through the walls of the chamber, the 
experiments being carried out near room temperature. Forty- 
five minutes were allowed for settling of the cells and their 
equilibration with the environment. In comparative studies 
two paired chambers were used. 

Hemolysis time was measured from the beginning of ir- 
radiation until a sharp-bordered object could be clearly seen 
through the layer of cells, an end-point which is quite repro- 
ducible. 

In the study of O, dependence the chambers were closed with 
a gas-tight seal as indicated in figure 1. In such studies com- 
mercial nitrogen, washed twice in alkaline pyrogallol and 
equilibrated with NaCl-PO, solution of the concentration used 
for suspending the cells, was passed through one of the 
chambers. The paired chamber was aerated with filtered room 
air similarly equilibrated with NaCl-PO,. The cells in the 
nitrogen chamber took on the color of reduced hemoglobin 
within a few minutes, but equilibration was continued for 46 
minutes before irradiation was begun. 

In order to study the effects of different regions of the 
spectrum, we used four types of source, combined with several 
filters. The spectral emissions of these sources and the trans- 
missions of the filters are shown in figure 3, together with 
other spectral information pertaining to the discussion. In 
certain cases columns of gas, either air or N2, were used as 
filters. For this purpose we used metal tubes 18 inches long, 
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Fig. 1 Diagram of apparatus used for irradiation of red blood eells. Cell 
suspension placed in quartz dish at S. Further description in text. 


blackened inside, and with quartz windows at the ends. The 
tubes were provided with inlet and outlet (fig. 1) so that the 
gases could be circulated, thus avoiding the possibility that 
ozone might accumulate in the air tube. This product of ultra- 
violet radiation on O, also absorbs strongly in the ultraviolet. 

Since all the sources were tubular, the same dose-rate * for 
each of the paired chambers could be attained by placing them 

“The dose-rate may be defined as the number of quanta (or other units of 


energy) incident per unit time. It thus corresponds to the term incident intensity, 
which was used formerly. 
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at corresponding positions near the mid-point of the tube. 
Further insurance against differences in dose-rate was pro- 
vided by alternating the experimental conditions (e.g., air or 
N,) in the two chambers in successive experiments. The dis- 
tance between cells and source was adjusted according to the 
conditions required for the particular experiment. In order 
to study dose-rate dependence we maintained the distance 
between cells and source constant and altered the dose-rate 
by means of neutral filters made up of multiple layers of black 
nylon netting interposed in such a position that they would 
not cast patterned shadows on the cells. The measured trans- 
missions of these filters were the same for the different sources 
used, indicating their spectral neutrality. 

The apparatus described above was used in most of the 
studies reported in this paper, but another method was em- 
ployed for measuring the dose-hemolysis time relationship 
for photodynamic hemolysis. Cells from heparinized blood 
were washed and resuspended as described above. This sus- 
pension was diluted 1: 200 with 10° M rose bengal in 0.9% 
NaCl-PO, and stirred for 80 minutes in the dark to allow the 
cells to take up the dye, near equilibrium being reached at the 
end of this time (Gilbert and Blum, ’41). With stirring con- 
tinued vigorously, the suspension was then illuminated with a 
500-watt photoflood lamp at a distance of 6 inches, a test tube 
filled with water being interposed to focus the beam and to 
reduce heating by removing the longer wavelengths. The 
periods of irradiation ranged from 1.5 to 9 minutes. After 
irradiation the suspension was returned to the dark and 
sampled at appropriate intervals thereafter. One milliliter 
of cell suspension was mixed with 1 ml of 3 X isotonic NaNO. 
The hypertonicity of the nitrite solution prevented further 
hemolysis during manipulations and its reducing power 
stopped further photochemical reaction. The sample was then 
rapidly centrifuged and the hemoglobin concentration in the 
supernate determined by measuring the optical density at 
0.42 u with a Klett-Summerson colorimeter. From this value 
the percentage hemolysis could be determined. A similar 
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sample which had been kept in the dark for 80 minutes was 
used as a standard for zero hemolysis, and one which had 
been irradiated beyond the point of complete hemolysis served 
as the 100% standard. No correction for absorption by the 
dye is necessary at this wavelength. 


Dose-hemolysis time relationships 


The dose-squared relationship. It was shown by Cook (56) 
that the rate of hemolysis varies as the square of the dose. 
The doses used in those studies were of short duration com- 
pared to the hemolysis times, and, under those conditions, 
reciprocity between dose-rate and duration of the dose was 
observed for given doses; that is 


D=It,=rD’ (3) 


where D is the dose, I the dose-rate, t, the duration of the dose, 
D’ the effective dose,® and r a constant. 

Hemolysis time varied inversely as the square of the dose; 

that is 
1/t, = KD? = K(It,)? (4) 
where t, is the hemolysis time and K is a constant. 

Since photodynamic hemolysis is initiated by a photochem- 
ical reaction entirely different from that which initiates ultra- 
violet hemolysis, it has seemed important to compare the dose 
relationships in the two cases. The method employed, using 
rose bengal as the sensitizer, has been described in the pre- 
ceding section. The measurements are in terms of the hemo- 
globin released from the cells, from which the number of cells 
hemolyzed is determined. As in the case of ultraviolet hemol- 
ysis, if the percentage hemolysis is plotted on a probability 
grid (probits), and the time after irradiation on arithmetic 
coordinates, a straight line is obtained. The slope of this 
line varies with the dose. Thus either the slope of the he- 
molysis curve or the time to a given percentage hemolysis 


* Effective dose may be defined as that portion of the incident dose D which is 
actually absorbed by the chromophore. 
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may be used to relate hemolysis time to dose. The details 
of the analysis are given elsewhere (Cook, °56). 

Reciprocity having already been established for photo- 
dynamic hemolysis (Blum and Gilbert, ’40), it was not neces- 
sary to repeat this part of the experiment. 


TABLE 1 


Dose-slope relationships in photodynamic hemolysis 


EXPONENT OF D 


EEO) CL) OSS OF HEMOLY SIs CURVES Log slope at) 
Log dose ratio 
2.0 4.81 2.3 
1.5 2.04 1.8 
2.0 3.44 1.8 
3.0 7.03 1.8 
2.0 3.41 1.8 
2.0 7.46 2.9 
4.0 25.4 2.3 
2.0 4.8 2.3 
2.0 4.9 2.3 
4.0 23.1 2.3 
2.0 3.4 1.8 
2.0 5.03 2.3 
4.0 If oll 2.05 


Av. 2.1+0.3 


For these experiments the probit of percentage hemolysis 
vs. time after irradiation was plotted for two doses, and the 
slopes compared. The logarithm of the slope ratio divided 
by the logarithm of the dose ratio gives their exponential 
relationship. Table 1 shows that the exponent of D ob- 
tained by such comparisons is close to the expected value of 2. 

It is clear from these experiments that photodynamic he- 
molysis, like ultraviolet hemolysis, follows essentially a dose- 
squared relationship. Whatever the cause of this may be, it 
is indicated that a common denominator for the two types of 
hemolysis is to be sought somewhere in the hemolytic mech- 
anism rather than in the dissimilar photochemical reactions 
which initiate this process. 
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Dose-rate relationships. As indicated above, reciprocity 
holds for doses that are of short duration compared to the 
corresponding hemolysis times. If, on the other hand, the 
dose were continued through the hemolysis time, another re- 
lationship would be expected. Under these conditions 

th = ty (5) 
and, substituting in (4), 
1/t, = K(Itn)?. (6) 
Simplifying and rearranging 
1 


= Kuh 7) 


Thus, if the dose is continued up to the moment of hemolysis, 
the hemolysis time should vary inversely as the %3 power of 
the dose-rate. That this condition is reasonably well satisfied 
is seen by reference to figure 2. The experiments represented 
there were carried out according to the method described 
above, which compares hemolysis times at a constant percent 
hemolysis. An intermediate pressure mercury are was used as 
the source, under three sets of conditions: with a 96% silica 
glass filter (Corning no. 7910) and the cells equilibrated with 
room air; without filter and the cells equilibrated with room 
air; and without filter and the cells equilibrated with N,. The 
values in figure 2 have been corrected for these three condi- 
tions by arbitrary constants which bring them on to a com- 
parable scale. As is seen from the figure, plotting the log 
t, vs. log I gives the expected — *% slope. 

The demonstration that when the dose-rate is varied, he- 
molysis time follows the course expected from the dose-squared 
relationship, not only confirms that relationship under other 
conditions, but shows that there is no true ‘‘latent’’ or ‘‘in- 
duction’’ period. 

Comparable experiments with photodynamic hemolysis gave 
somewhat variable results. Owing to the very low dose-rates 
obtainable in this system, such experiments lasted up to 50 
hours with concurrent changes in cell fragility. This factor, 
plus a certain increase in dye uptake by the cells during the 
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experiment (cf. Gilbert and Blum, ’41) were probably re- 
sponsible for the skewed results. 


Oxygen dependence of photodynamic and 
ultraviolet hemolysis 


This study began with the observation that hemolysis 
brought about by radiation from a low pressure mercury arc 
in quartz is to a certain extent O,-dependent. This finding 
appeared to be in conflict with the general observation that 
effects of ultraviolet radiation are O,-independent and spe- 
cifically with earlier determinations for hemolysis (Hassel- 
bach, ’09; Eidenow, ’30). The discrepancy seems ultimately 


0.5 


LOG RELATIVE HEMOLYSIS TIME 


: O Ke) 2.0 


LOG RELATIVE DOSE RATE 


Fig. 2 Hemolysis time (t,) as a function of dose rate with continuous irradia- 
tion, intermediate pressure mereury are. End points multiplied by arbitrary con- 
stants for the type of source and filter combination to bring the points on to the 
same scale. 

Solid line has a slope of — %. O, No filter; cells equilibrated with room air; 
x, No filter; cells equilibrated with N, atmosphere; @, 96% silica glass filter; 
cells equilibrated with room air. 
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explainable in terms of differences in O, dependence with dif- 
ferent portions of the ultraviolet spectrum, which are: de- 
scribed below. 

The method we have used compares the hemolysis times for 
two like samples of red cells, one in air, the other in Nz, 
when subjected to the same dose-rate of radiation. We may 
describe the dose-rate hemolysis-time relationship for the 
two samples according to equation (7): 

1/t, =k,’ 1% (8) 
and 
1/t, =k, 1% (9) 


where t, and t, are respectively the hemolysis times for the 
sample in air and for the sample in Ns, and k, and k, are 
respective constants. 

Since I has the same value in both cases, we may write 


Aa) = k,/k,. (10) 


The ratio k,/k, should measure, formally, the fraction of the 
total process which is independent of O, (as measured between 
air and N, under our experimental conditions). It is seen that 
the ratio of hemolysis times which we determine experimen- 
tally is the cube root of the ratio k,/k,. Hence, in table 2, 
(t,/t,)? 1s used as the measure of the O.-independent fraction 
of the process, and [1 — (t,/t,)?] as the measure of the O.- 
dependent fraction. The results are reasonably reproducible 
for a given condition, but there is a wide variation with the 
spectral character of the radiation. This requires explanation. 

Before attempting such an explanation, let us examine our 
measure of O, dependence a little further. The condition of 
complete absence of O, is, of course, not achievable, but is 
only approached. It would appear, however, that we have re- 
duced the partial pressure of O, below one percent of that of 
air. The values for O, dependence of photodynamic hemolysis 
given in table 2 are within one percent of the 100% O, depend- 
ence expected for this process (cf. Spealman and Blum, ’37). 

The values for k, and k, should be determined by at least two 
major factors: (1) the absorption spectra of the chromophore 
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or chromophores, and (2) the photochemical efficiency as 
affected by the O, tension. Thus we might assume that we deal 
with a single photochemical process, in which case the term 
k,/k, is a measure of the O, independence; this is clearly the 
case in photodynamic hemolysis, where the dye is the chromo- 
phore and only the partial pressure of O, differs in the two 
samples. In ultraviolet hemolysis, on the other hand, we 
might assume that we deal with two separate processes — 
both leading to hemolysis but having different chromophores 
— the one process O,-dependent, the other O,-independent. In 
this case, the fraction k,/k, should reflect differences in the 
absorption spectra of the chromophores as well as the O, de- 
pendence of the one reaction. A third possibility is that we 
deal with a combination of these things, that is, that there is 
more than one chromophore and more than one degree of O, 
dependencee.® 

The participation of more than one chromophore in ultra- 
violet hemolysis most readily explains the variation of O, 
dependence with the spectral character of the radiation, and 
is reasonable in terms of the chemical makeup of the erythro- 
cyte. There are various reasons for thinking that one of the 
components concerned in ultraviolet hemolysis is protein 


Fig. 3 Absorption spectra: Air = transmission of air (Vassy, ’41); N, is 
virtually transparent in this region. Pr = protein; the dashed curve represents a 
protein concentration 50 times that represented by the solid curve. RB, rose 
bengal; Ppn, protoporphyrin. 

Cut-off filters: Si, 96% silica glass (Corning no. 7910); Py, Pyrex brand glass 
(Corning no. 7740); WG, window glass. 

Fluorescent sources: BL, ‘‘blacklight’’; DL, ‘‘Daylite.’’ 

Intermediate pressure mercury arc: A commercial type of are operating at 
near atmospheric pressure. 

Low pressure mercury arc: This are was enclosed in a quartz envelope which 
allowed the 0.185 qw line of mercury to pass. The intensity of this line was not 
known; it probably constitutes only a few per cent of the total output, but is 
very effective in producing hemolysis (ef. Cook, ’56). The other mercury lines 
are present in too slight intensity to be represented on this diagram. 


°In N, erythrocytes are slightly swollen and somewhat more susceptible to 
osmotic hemolysis (Jacobs and Parpart, 731); but this effect is probably trivial 
in our experiments, and is in opposite direction to the results described here. 
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(Cook, 56) and it is known that photochemical changes in 
proteins may be independent of O, (e.g., McLaren, 49). On 
the other hand, there is at least one photosensitizing substance 
present in the erythrocyte in very small quantity, protopor- 
phyrin, and this could be the chromophore for an O,-dependent 
part of the process. There may also be traces of other photo- 
sensitizers present, e.g., free riboflavin. At very short wave- 
lengths (0.185 u) O, or even H.O (ef. Repke, 55) may be 
considered as chromophores. 

Let us now examine our data for O, dependence of ultra- 
violet hemolysis (table 2) in terms of these possibilities, using 
figure 3 and the data of table 3 to assist us in delimiting the 
spectral regions concerned. 

(a) Hemolysis by blacklight radiation. First let us con- 
sider the case of hemolysis by the blacklight fluorescent source, 
which emits radiation between approximately 0.32 p and 0.45 u 
with a maximum near 0.36 up. We note from figure 3 that this 
source is rich in wavelengths absorbed by protoporphyrin, and 
from table 2 that the effect of this radiation is strongly (94%) 
O, dependent. In these experiments, the cells were placed 
very close to the lamp, which had been encased in a glass 
jacket containing running water to minimize heating effects. 


TABLE 3 


Effects of filters on ultraviolet hemolysis by radiation from different Hg arcs 


FRACTION FRACTION 
PASSED B 
SOURCE FILTER t ze t/te WILTHE rica 
(t/t,)5 1 — (t/t,)® 
minutes minutes 
40 115 0.35 0.043 
Low- 
oOw-pressure 96% Silica glass 40 100 0.40 0.064 
mercury are 45 105 0.43 0.079 
Av. = 0.062 0.938 
12 50 0.24 0.014 
Intermediate 10 45 0.23 0.012 
pressure 96% Silica glass 11 50 0.22 0.011 
mercury are i) 38 0.24 0.014 


AV). 003 0.987 
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Even under these conditions, the irradiation had to be very 
prolonged (a matter of 10 hours or more). The fact that 
protoporphyrin is present in very small amount may account 
for this high dosage requirement. Our findings are in agree- 
ment with earlier observations by Blum (’41, p. 118) and 
Meyerstein (’54), who found this effect to be O.-dependent 
and attributed it to protoporphyrin.’ It is possible that the 
small O,-independent fraction of hemolysis produced by black- 
light (6%) is due to a slight amount of absorption by protein 
at the lower end of the wavelength range of this source. 

(b) Hemolysis by the low pressure mercury arc. Passing 
to the other extreme of the spectrum, let us examine the effects 
of the low-pressure mercury arc in quartz, of which the emis- 
sion may be considered to consist of two lines, 0.185 » and 
0.2537 u, the latter greatly reduced by the 96% silica filter. 
Table 3 indicates that about 92% of the hemolytic effect is 
due to the 0.185 u line, 8% due to the 0.2537 u line, this being 
in general agreement with the estimates of Cook (’56). Table 
2 indicates that the combined effect of the two lines is 92% 
O.-dependent, whereas the effect of the 0.2537 u line alone is 
about 73% O.-dependent. The latter value may be high be- 
cause the 96% silica filter no doubt transmits traces of the 
0.185 line, and a leakage of as little as 6% could account for 
the total O. dependence measured at 0.2537 up. As will be seen 
below, the assumption that the O, dependence at 0.2537 u is 
considerably lower than indicated by the measured value fits 
better with the findings for the intermediate pressure arc. 

We might attribute the high O, dependence at 0.185 u to 
a photosensitizer absorbing strongly at that wavelength, but 
while this may be a factor there is at least one other that needs 
to be considered. Molecular oxygen absorbs to a certain ex- 
tent at this wavelength and may be considered as a possible 
chromophore. Spectroscopic measurements with long columns 
of air (Vassy, ’41) indicate a certain amount of absorption 

*Lepeschkin and Davis (’33) earlier attributed a similar effect to hemoglobin 


absorption, but Lepeschkin (’31) had found it to be O,-independent, and it seems 
likely that their effect was due to heat. 
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by O, at 0.185 » and very much less at 0.2537 yp, whereas N. 
is completely transparent over this range. Interposing an 
18-inch column of air below one sample and a similar column 
of N. below the other, as indicated in figure 1, we found that 
the air column reduces the hemolytic effect of the low pressure 
mercury are to a considerable extent as compared to N., but 
no quantitative comparisons were made. This indicates that 
a definite amount of the emission from the low pressure arc is 
absorbed by O., presumably principally at 0.185 ». On the 
other hand, there is no detectable absorption by air when the 
intermediate pressure are is used (table 3) the 0.185 p emis- 
sion by that are being relatively small whereas the 0.2537 u 
line is relatively strong. All these findings indicate that O, 
might be a chromophore for hemolysis by wavelength 0.185 u, 
but not to any appreciable extent for 0.2537 p. Wavelength 
0.185 » brings about the formation of ozone from O., and this 
action could possibly result in a good deal of chemical change 
in the red cell. 

There is also a slight amount of absorption by water at 
0.185 » which introduces the possibility of combination with 
O, to form H.O;, but it seems unlikely that this could be a 
very important factor in the hemolytic process. At longer 
wavelengths it must certainly be negligible. 

(c) Hemolysis by radiation from the intermediate pressure 
mercury arc. Here the problem becomes somewhat more in- 
volved since a wider range of wavelengths is concerned. We 
see from figure 3 that a certain amount of absorption by pro- 
toporphyrin, and hence a certain amount of O, dependence, is 
to be expected throughout this range, although the details 
of the absorption spectrum at shorter wavelengths are missing 
and only a rough suggestion is given in the region 0.27 to 0.3 u. 
It is clear from table 3 that the greater part of the hemolytic 
effectiveness of this radiation is confined to the shorter wave- 
lengths of the ultraviolet, since the 96% silica filter greatly 
reduces this effectiveness. It is in these shorter wavelengths 
that direct action on proteins should be most important, since 
both the photochemical efficiency (quantum yield) and ab- 
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sorption increase with decrease in wavelength (Landen, 40; 
and see Cook, ’56). Since this reaction is O.-independent it 
might be expected that the O, dependency would increase with 
reduction of the shorter wavelengths by the filter, as is seen 
from table 2 to be the case. On the other hand, the measure- 
ments with the low pressure mercury are with the 96% silica 
glass filter indicate a relatively high O, dependence (0.28) 
at .2537 yu. Unless this is to be explained by leakage of the 
filter as suggested above, the situation is somewhat difficult to 
rationalize, since the O, dependence measured for the inter- 
mediate pressure mercury arc is only 0.19. 

There is too much information missing for us to overempha- 
size such quantitative evaluations. They have been introduced 
to indicate the strong probablity that the partial O, depend- 
ence of ultraviolet hemolysis may be explained in terms of 
separate O,-dependent and independent reactions, including 
a combination of the two types schematized in equations (1) 
and (2). 

DISCUSSION 

One important thing to come out of this study is recognition 
of the need for understanding the basic dose relationships be- 
fore estimating the O, dependency of any system. Thus, for 
example, if the ratio t,/t, were taken directly as the index — 
as might seem reasonable in the absence of knowledge of the 
dose-hemolysis time relationships — one would estimate that 
photodynamic hemolysis was reduced only to 7 to 18% by 
placing the cells in an atmosphere of N». He might conclude 
that the partial pressure of O, had not been reduced to a low 
level, or that there was an O, independent factor in the process 
(a conclusion reached by Oster and McLaren (’50) with re- 
gard to photosensitized inactivation of tobacco mosaic virus). 
But when (t,/t,)? is used as the index, it is seen that the N, 
atmosphere has reduced the photochemical reaction underly- 
ing hemolysis to less than 1% of that found in air, which 
indicates that we have reduced the partial pressure of O, to 
that extent. This seems much more reasonable in view of the 
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experimental conditions and of what is known about the 
kinetics of photosensitized oxidation. 

At the other end of the scale we see that the O, dependence 
for the intermediate pressure mercury are without filter ap- 
pears to be only about 8% when the index 1 — t,/t, is used, but 
rises to 19% when the cube of the ratio is used. The small 
difference found on the basis of direct comparison (t,/t,) 
probably accounts for the earlier failures to observe the O, 
dependence of ultraviolet hemolysis with the intermediate 
pressure mercury are. 

The system studied here may seem a rather special one, yet 
similar effects of radiation on membranes or interphases in 
other cells might be expected. In more complex cells, the 
relatively simple picture presented by hemolysis would be 
complicated by a variety of factors, and lysis in such cells 
may be quite complex (e.g., Blum, Cook, and Loos, 754). Al- 
though lysis probably does not enter as a factor of any im- 
portance in those types of lethal effects most commonly 
studied, e.g., in survival curves of microorganisms, it is con- 
ceivable that it might complicate the picture in some cases, 
and particularly at high doses because of the dose-squared 
relationship. 

Whether the somewhat complex picture of O, dependence 
found in hemolysis is paralleled elsewhere in photobiologic 
effects on living systems remains to be established. 


SUMMARY 


The dose-squared relationship previously reported by one 
of us (Cook, 56) for the rate of ultraviolet hemolysis has 
been found to hold under a variety of conditions and to apply 
to photodynamic hemolysis as well. Since there are several 
basically different photochemical reactions involved, the com- 
mon denominator seems to lie in the hemolytic process itself. 

Dependence of ultraviolet hemolysis on O, is found to vary 
with the spectral character of the radiation. The explanation 
is offered that hemolysis is initiated in part by photochemical 
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reactions that are O.-independent, e.g., direct alteration of 
protein; and in part by photochemical reactions that are O,- 
dependent, e.g., photosensitization by a naturally occurring 
porphyrin or other photosensitizing pigment and, in addition, 
possibly by direct activation of O, at very short wavelengths 
(0.185 y). The variation in O, dependence is thus to be ex- 
plained on the basis of differences in absorption spectra of the 
chromophores for these different reactions. 
Implications of these findings are discussed. 
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FOUR FIGURES 


Various extracellular annelid hemoglobins are very similar 
with regard to molecular weight, amino acid composition, 
solubility, and isoelectric point (reviewed: Lemberg and 
Legge, 49; Prosser, ’50; Eliassen, 753). It is reasonable to 
wonder if this similarity extends to other biochemical prop- 
erties. A study of the oxygen equilibrium and the alkaline 
denaturation of two extracellular annelid hemoglobins has 
been undertaken. The two species used were: (1) the earth- 
worm Lumbricus terrestris L., a familiar oligochaete; and, (2) 
an intertidal terebellid polychaete tentatively identified as 
Eupolymma crescentis Chamberlin. In addition, alkaline 
denaturation studies were performed on other terebellid hemo- 


globins. 
MATERIAL AND METHODS 


Eupolymnia and other terebellids (Neoamphitrite and 
Terebella) were collected intertidally by overturning rocks 
and were kept in running sea-water a few days before bleed- 
ing. Lumbricus were collected late on damp nights when the 
earthworms were partly out of their burrows. Annelids were 
chilled, cut open along the dorsal surface, and pinned out in 
a wax-bottomed pan. A small beaker was placed immediately 


1 Present address: Department of Experimental Biology, University of Utah, 
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adjacent to the anterior part of the dorsal blood vessel, which 
was then cut. Blood slowly drained into the beaker, a process 
facilitated by tilting the pan; there was no visible contamina- 
tion from other body fluids or tissues. 

Oxygen dissociation curves were evaluated exactly as in a 
previous study (Manwell, 58). Blood was diluted with potas- 
sium phosphate buffer (['/2—0.40); 1:2 for Lumbricus 
hemoglobin and 1:4 for Eupolymnia. This brought the hemo- 
globin concentrations to approximately the same level, 
1.5-2.0%. All data were obtained at 10°C, a value well within 
the normal physiological range of both species of annelids. 
Data were analyzed by the standard transformation based on 
the Hill equation; from this the constants ‘‘p;o’’? and ‘‘n’’ 
were obtained (Manwell, ’58). ‘‘p;o’’ is the partial pressure 
of oxygen at which there are equal quantities of ‘‘reduced”’ 
and oxygenated forms of the respiratory pigment; ‘‘n’’ is a 
measure of the heme-heme interactions and, thus, determines 
the shape of the oxygen dissociation curve. A convenient phy- 
siological measure of the Bohr effect is ‘‘o’’ =A log p;,)/A pH 
evaluated at pH 7.0-7.5 (Allen and Wyman, ’52a). 

Alkaline denaturation curves were obtained by spectro- 
photometrically following the reaction that ensues when a 
small quantity of hemoglobin is placed in 5 em? of a sodium 
phosphate buffer, pH 10.5-13.0, [/2—2.0 (Manwell, ’57). 
The data are presented as logarithm of the per cent undena- 
tured hemoglobin as a function of time for obvious kinetic 


reasons. 
RESULTS 


Oxygen-hemoglobin equilibrium 


Oxygen dissociation curves of the blood of these two differ- 
ent annelids are displayed in figures 1 and 2. Although the 
studies were made under approximately identical conditions, 
several differences in the properties of the oxygen-hemoglobin 
equilibrium are immediately obvious: 

Lumbricus hemoglobin has: (1) a moderate Bohr effect 
— ¢=-0.25; (2) a high oxygen affinity — p,, = 3.5-4.8 mm 
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Fig. 1 Oxygen dissociation curves of Lumbricus hemoglobin. Blood diluted 
1:2 with potassium phosphate buffer of appropriate pH; T'/2 = 0.40; 1.5-2% 
hemoglobin concentration; 10°C. 
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Fig. 2 Oxygen dissociation curves of Eupolymnia hemoglobin, Blood diluted 


1:4 with potassium phosphate buffer of appropriate pH; T/2= 0.40; 1.5-2.0% 
hemoglobin concentration; 10°C. 
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Hg; and, (3) definite heme-heme interaction — Le., the hemo- 
globin possesses a sigmoid oxygen dissociation curve; n= 
1.81-1.84 over most of the range in values of ‘‘per cent oxy- 
hemoglobin,’’ although ‘‘n’’ approaches one at very low oxy- 
gen saturation and approaches 4-5 as the pigment becomes 
completely converted to oxyhemoglobin. 

To the contrary, Hupolymnia hemoglobin has: (1) no Bohr 
effect —¢—0.0; (2) a very low oxygen affinity — ps)= 
36 mm Hg’; and, (3) almost no heme-heme interaction —L.e., 
it possesses an essentially hyperbolic oxygen dissociation 
curve, n being equal to 1.06. 


100 


° Lumbricus 


Ct) 19 2a 30 40 
Time (Minutes) 

Fig. 3 Alkaline denaturation of Lwmbricus hemoglobin. Sodium phosphate 
buffer of appropriate pH; T'/2 = 2.0; 24-25°C. Note: lines have not been drawn 
through points indicating the first — fast — alkaline denaturing phase so that the 
lines indicating the extrapolation of the second and third phases would be more 
clearly visible. 
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Alkaline denaturation 


Alkaline denaturation curves of Lumbricus hemoglobin are 
displayed in figure 3; those for the terebellids Neoamphitrite 
and Eupolymnia are shown in figure 4. Several differences 
exist in the denaturation behavior of earthworm and terebellid 
hemoglobins: 

Lumbricus hemoglobin denatures triphasically. The pro- 
portion of the three unimolecular phases is approximately 


190 


Eupolymnia Neoamphitrite 


Hemoglobin 
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To 
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Fig. 4 Alkaline denaturation of terebellid hemoglobin. Sodium phosphate 
buffer of appropriate pH; T/2 = 2.0; 24-25°C, 
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1:1:1. (This can be seen by noting that the slowest — third — 
phase of the alkaline denaturation curves extrapolates to 
approximately 33% and that the intermediate — second — 
phase extrapolates to approximately 67%.) The proportions 
of these phases seems to be independent of the pH of the 
denaturing medium. 

To the contrary, terebellid (Neoamphitrite, Eupolymnia, 
and Terebella; experiments on the latter are not included in 
figure 4) hemoglobins denatures: (1) entirely according to 
first order kinetics at the most alkaline pH’s; (2) with irregu- 
lar inhibition of an initially first order process at intermediate 
alkaline pH’s; and, (3) with kinetics that cannot be described 
by any sum of unimolecularly denaturing components at least 
alkaline pH’s but which must represent a sequential with an 
initial rate-limiting step that must be completed before a first 
order denaturing phase is begun. 


DISCUSSION 
Biochemical 


Alkaline denaturation. The pH invariance of the propor- 
tions of the three unimolecular phases in the denaturation of 
Lumbricus hemoglobin is in contrast to observations on the 
triphasic alkaline denaturation of the myoglobin and hemo- 
globin of the horse (Rossi-Fanelli, Azzone, and Mondovi, ’55) 
and on the diphasic denaturation of the hemoglobin of Cucu- 
maria, elasmobranchs, teleosts, the garter snake, and the rat 
(Manwell, ’55-’57, unpublished experiments). Evidence for 
each of three main theories concerning the alkaline denatura- 
tion of human hemoglobin can be found in figure 4—if one 
selects the proper pH: (1) Human hemoglobin has been 
claimed to denature unimolecularly under all (Haurowitz, 
Hardin, and Dicks, ’54) or some (Jonxis, 49) experimental 
conditions ; terebellid hemoglobin denatures unimolecularly at 
the most alkaline pH’s. (2) An irregular inhibition of the 
denaturation reaction has been observed for human hemo- 
globin and its various derivatives and has been claimed to 
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represent the effects of CO, and reaction products (Baar and 
Hickmans, 741) ; the three alkaline denaturation curves of 
Neoamphitrite hemoglobin at intermediate alkaline pH’s show 
this irregular inhibition. (3) That the denaturation reaction 
of adult human hemoglobin is not unimolecular but some kind 
of a sequential process has been shown by Betke (752, 754); 
clearly, Neoamphitrite hemoglobin at pH 10.59 would support 
this theory. 

Diphasic alkaline denaturation curves have been repeatedly 
interpreted as evidence for the normal existence of two kinds 
of adult human —or other mammalian (rat and rabbit) — 
hemoglobin (Brinkman and Jonxis, ’35, ’36; Ramsey, 741; 
Jonxis, ’49; Schapira, Dreyfus, and Kruh, 751; Haurowitz, 
Hardin, and Dicks, ’54), despite lack of agreement between 
some of the workers and arguments to the contrary (Baar 
and Hickmans, ’41; Betke, ’54). The experiments on terebellid 
hemoglobins indicate that there appears to be ‘‘heterogeneity’’ 
only at intermediate alkaline pH’s. On the other hand, the 
constancy of the proportions of the three alkaline denaturing 
phases of Lumbricus hemoglobin could indicate the normal 
existence of three different biochemical ‘‘species’’ of hemo- 
globin in that form. However, that the three ‘‘components’’ 
are present in approximately equal quantities is rather sur- 
prising. One could as well postulate negative heme-heme 
interactions and sequential denaturation; under such condi- 
tions one would expect a simple ratio in the proportions of 
the denaturing phases. It is interesting that in the oxygen 
equilibrium interactions between oxygen-affine groups (heme- 
heme interactions), and between oxygen-affine and proton- 
affine groups (Bohr effect) occur in Lumbricus —but not 
Eupolymnia — hemoglobin. Eupolymnia—and other tere- 
bellid — follows a very different denaturation pattern, which 
appears to be basically unimolecular. A non-specific inhibition 
occurs at certain pH’s and an initial lag occurs at the lowest 
pH’s; however, neither of these indicate definite interaction 
between hemes in the denaturation process. 
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Physiological and ecological 


Studies on Arenicola marina and A. cristata (Barcroft and 
Barcroft, 24; Wolvekamp and Vreede, ’40; Allen and Wyman, 
52h; Manwell, °57, unpublished experiments), which like 
Eupolymnia are intertidal polychaetes, indicate that the res- 
piratory properties of their hemoglobin are similar to those 
of Lumbricus hemoglobin. Arenicola hemoglobin has large 
heme-heme interactions, a high oxygen affinity, and a moderate 
Bohr effect. 

Jones’ (754) investigations on the two different hemoglobins 
(one in the coelom, one in the blood vessels) of the errant 
polychaete Nephthys hombergii reveal certain similarities to 
the situation in Eupolymnia in that there is very little heme- 
heme interaction (for both Nephthys hemoglobins n —1.0- 
1.2). However, the oxygen affinities of both pigments are much 
higher (p= 5.5-7.5 mm Hg at 15°C) than that of Hupolym- 
nia hemoglobin. Nephthys hombergu vascular hemoglobin 
has a slight ‘‘normal’’ Bohr effect (calculated from Jones’ 
data, ¢—-—0.18), whereas the coelomic hemoglobin has a 
definite ‘‘reverse’’ Bohr effect at physiological pH’s (¢= 
+ 0.36). 

The high affinity of, and the presence of heme-heme inter- 
actions and a ‘‘normal’’ Bohr effect in, Lumbricus and Areni- 
cola hemoglobins would enable these respiratory pigments to 
function in oxygen transport under conditions of low internal 
oxygen tensions. Such low ‘‘arterial’’ and even lower ‘‘ve- 
nous’’ oxygen tensions would be expected (1) under conditions 
of low ambient oxygen tension or (2) as a result of an ineffi- 
cient organ of external respiration. The following information 
indicates that the first condition is typical of Arenicola and 
the second, of Lumbricus: 

Arenicola has a definite L- or U-shaped burrow; the oxygen 
tension in the water contained therein is low (13 mm Hg; 
Jones, ’54) but sufficient to keep the blood completely oxygen- 
ated even throughout low tide (Eliassen, ’55) due to the 
combination of the extensive parapodial gills functioning as 
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an efficient organ of external respiration and the high oxygen 
affinity of the hemoglobin (Arenicola cristata hemoglobin is 
957% oxygenated at 3 mm Hg at 12°C; yet, so sigmoid is the 
oxygen dissociation curve that the pigment is only 4% oxygen- 
ated at 0.6 mm Hg — Manwell, ’57, unpublished experiments). 

Lumbricus, to the contrary, is exposed to oxygen tensions 
near that of air; however, this form has a respiratory barrier 
consisting of an unspecialized surface of cuticle, epidermis, 
and hypodermis. One would expect that the hemoglobin of 
Lumbricus would not be of much significance in oxygen trans- 
port at low ambient oxygen tensions, for there would not be 
a sufficient gradient of oxygen tension to load the hemoglobin 
with oxygen. Hence, one would predict that carbon monoxide 
would have a proportionately greater effect in diminishing 
respiration at high rather than low ambient oxygen tensions; 
this is exactly what has been observed (Kriiger, ’38, 40; 
Johnson, ’41). This is true, however, only up to a certain 
point; one might also expect that at high oxygen tensions the 
effect of carbon monoxide might be reduced because of an 
appreciable amount of oxygen carried in physical solution; 
such an effect has been observed at low temperature (9°C) 
where a combination of increased QO, solubility and decreased 
metabolic rate favored the demonstration of this compensa- 
tion effect (Kriiger and Becker, ’40). Decrease in the extent 
of inhibition of Tubifex respiration by CO at low oxygen 
tensions (< 25 mm Hg) has been observed by Dausend (731) 
and at high oxygen tensions (> 120 mm Hg) by Kruger 
(°55a); hence, the hemoglobin of this aquatic oligochaete is 
also functioning in oxygen transport with a considerable 
gradient in oxygen tension across the epithelium. On the 
basis of CO-poisoning experiments the idea concerning the 
function of hemoglobin in Lumbricus and Tubifex is very 
likely true of other terrestrial (Mendes and Valente, 53) 
and aquatic (Mendes, Perez-Gonzalez, and Coutinho, ’51) 
oligochaetes. 

The lack of evolution of a specialized organ of respiration 
in Lumbricus and other oligochaetes could represent (1) phy- 
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logenetic inability or (2) the result of a definite selection 
pressure in favor of low internal oxygen tensions. The latter 
alternative represents a novel approach to the function of 
respiratory pigments: to maintain a suitable supply of oxygen 
to the tissues but at a low activity (partial pressure) of that 
gas. The idea of protection of the tissues from high oxygen 
tensions rests on — or provides an explanation of — several 
different studies: (1) Fox and Taylor (’55) have shown that 
such hemoglobin-containing forms as Tubifex, Planorbis, and 
Chironomus survive better and grow faster in water equi- 
librated with 4% oxygen than in water equilibrated with air. 
The hemoglobin-containing pulmonate Planorbis was found 
to be much more sensitive to ‘‘oxygen-poisoning’’ than its 
non-hemoglobin-containing relative Limnaea. (2) Yet, Planor- 
bis, specialized in the production of vascular hemoglobin, 
requires only half as much oxygen per unit of body weight as 
the unspecialized Limnaea (Kriiger, ’55a). Kritiger (’55b) 
has also shown that the oxygen consumption rate of non- 
hemoglobin-containing oligochaetes is greater than that of 
hemoglobin-containing oligochaetes. (3) Exposure of some 
invertebrates — Arenicola, Tubifex, and adult Planorbis — to 
low oxygen tensions for prolonged periods of time fails to 
induce an increase in hemoglobin concentration (Fox, 755). 
(4) Such an assumption of avoidance of ‘‘oxygen-poisoning”’ 
will explain anomalous effects —or lack of effects — with 
CO-poisoning of certain hemoglobin-containing invertebrates 
(Lindroth, 42; Prosser, ’50; and Kriiger, ’55b). 

In contrast to the situation in Arenicola the hemoglobin of 
Nephthys is probably non-functional when the tide goes out 
(Jones, 754). Hupolymnia hemoglobin with its extremely low 
oxygen affinity would be even less able to function in oxygen 
transport when the tide is out. In this terebellid the oxygen 
transport features a large range in internal oxygen tensions. 
The profuse branchiae at the anterior end of Eupolymnia and 
other terebellids present a large thin-walled surface for the 
diffusion of gases. These branchiae are normally waved about 
in the sea-water, the remainder of the worm being located in 
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a tube under or along side of a partially imbedded rock. As 
peristaltic contractions travel along the body of terebellids, 
there is undoubtedly ventilation of the burrow. Movement 
of water in the burrow is probably also provided by the 
activities of the large commensal scale-worm that is often 
found with terebellids. Observations on living terebellids 
indicate that the blood is often the bright red color of oxy- 
hemoglobin; the oxygen dissociation curve in figure 2 indicates 
that this would be possible only at relatively high internal 
oxygen tensions (100 mm Hg). Chlorocruorin of Sabella 
(Spirographis) spallanzanii resembles Eupolymnia hemo- 
globin in that it has a low oxygen affinity (ps5) —=30 mm He 
at 17°C: Fox, ’32). Experiments with CO-poisoning of 
chlorocruorin-containing worms indicate that the pigment is 
especially functional at high oxygen tensions, including that 
of air (Ewer and Fox, ’40; Mendes, 750). Hence, it is reason- 
able to assume that high oxygen tensions, or at least a high 
‘‘arterial’’ oxygen tension, are maintained in Sabella; it is 
very significant that Sabella is not only resistant to ‘‘oxygen- 
poisoning’’ at 100% O, but also actually survives better at 
this high oxygen tension than at that of air ("ox and Taylor, 
55). Hence, such intertidal polychaetes as Hupolymma and 
Sabella are specialized for oxygen transport under conditions 
of high internal oxygen tension—in marked contrast to 
Arenicola, Lubricus, and Tubifex. Undoubtedly intermediate 
conditions exist with regard to blood gas transport in the 
Annelida. 

Tt can be concluded that there are great differences in the 
oxygen equilibrium of various annelid hemoglobins and that 
these differences appear to have evolved in phylogenetic 
response to the different selection pressures of different 
environments and different respiratory physiologies. 


SUMMARY 


1. The oxygen equilibrium and alkaline denaturation be- 
havior of earthworm (Lumbricus) and terebellid polychaete 
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(Eupolymnia and Neoamphitrite) hemoglobins have been 
determined. 

2. Earthworm and terebellid hemoglobins have very dif- 
ferent alkaline denaturation curves. Each of three theories 
regarding the kinetics of the alkaline denaturation reaction 
and heterogeneity or homogeneity of normal adult human 
hemoglobin is supported by experiments on terebellid hemo- 
globin —at the proper pH. Lumbricus hemoglobin is most 
unusual in that the proportions of the three separate denatur- 
ing phases are approximately equal and invariant of pH 
change. 

3. Lumbricus hemoglobin, with its high oxygen affinity, 
heme-heme interactions, and moderate ‘‘normal’’ Bohr effect, 
appears to be specialized for oxygen transport under condi- 
tions of low internal oxygen tensions; in this way it resembles 
Aremcola hemoglobin. 

4, Eupolymma hemoglobin has an extremely low oxygen 
affinity, no heme-heme interactions, and no Bohr effect; this 
hemoglobin would be expected to function in an oxygen trans- 
port involving high ‘‘arterial’’ oxygen tensions — like Sabella 
chlorocruorin. 

d. It has been postulated on evidence based on CO-poison- 
ing, survival and growth at different oxygen tensions, failure 
of low oxygen tensions to evoke increased hemoglobin pro- 
duction, and decreased metabolic rate of certain hemoglobin- 
containing forms over their non-hemoglobin-containing rela- 
tives, that in some — but not all —invertebrates the function 
of the respiratory pigment is to allow oxygen transport 
without exposing the tissues to high oxygen tensions —i.e., 
to avoid ‘‘oxygen-poisoning.”’ 
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HEMOGLOBIN AND THE ABSENCE OF THE 
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ONE FIGURE 


In contrast to the remainder of the Echinodermata, in 
which there is but a single instance of the occurrence of a 
respiratory pigment (Hyman, ’55), hemoglobin occurs in 
erythrocytes in representatives of at least three of the 5 
orders of holothurians: Cucumaria mimata (Crescitelli, ’45), 
C. frauenfeldi (Hogben and van der Lingen, ’28), and Thyone 
briareus (Svedberg, ’33) in the Dendrochirota; Paracaudina 
chilensis and Molpadia roretzw (Kobayashi, ’32), and Cau- 
dina sp. and Molpadia arenicola (the author) in the Molpa- 
donia; and, Stichopus californicus (Prosser and Judson, 752) 
in the Aspidochirota. In the last-named example the hemo- 
globin is restricted to the blood vessels (lacunar system) ; 
however, in Cucumaria miniata and the various molpadids 
hemoglobin occurs in the water-vascular system and the blood 
vessels as well as in the perivisceral coelom. Spectral prop- 
erties of the hemoglobin from the blood vessels and the peri- 
visceral coelom of Paracaudina chilensis are identical 
(Kobayashii, ’32), although the red blood cell count of and 
the cell types found in these body fluid compartments are 
different (Kawamoto, ’27). Most studies on sea cucumber 
hemoglobins have been limited to spectral properties. 


1 Present address: Department of Experimental Biology, University of Utah, 
Salt Lake City 12, Utah. 
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There appears to be but one published oxygen dissociation 
curve of a holothurian hemoglobin—at unknown pH: the 
perivisceral hemoglobin of Paracaudina chilensis (Kawamoto, 
28). He found a sigmoid coefficient, ‘‘n,’’ equal to 0.821. 
Such a value of n < 1 is most unusual and would indicate the 
presence of negative heme-heme interactions. Clearly, a more 
extensive investigation of the oxygen equilibrium of various 
sea cucumber hemoglobins is warranted. 


MATERIAL AND METHODS 


Cucumaria miniata, a large (10-30 em long) sea cucumber, 
is found intertidally under rocks on San Juan Island. Speci- 
mens were kept in running sea-water until bleeding. This was 
accomplished by slicing through an interambulacral area of 
the body wall of an unanesthesized animal. The perivisceral 
fluid was allowed to flow through a piece of plastic screen in 
order to remove any of the very fragile visceral elements that 
might have broken loose. The erythrocytes, which comprise 
up to 10% of the perivisceral fluid, are immeshed in a weak 
clot that was broken up by stirring. Clotting did not seem 
affected by citrate or heparin. Erythrocyte-containing fluid 
from the water-vascular system (collected from the Polian 
vesicles) was found in many — but not all — cases not to clot. 
EKrythrocytes were washed twice in large volumes of isotonic 
sodium chloride and then hemolyzed 1:9 in distilled water: 
in a few instances the amount of water was decreased to 1: 4. 
Stromata were removed by prolonged centrifugation at 0-1°C. 
The hemoglobin solution was used immediately for determina- 
tion of the oxygen dissociation curve by a previously de- 
seribed technique (Manwell, ’58a). Hemoglobin solutions 
were diluted with an equal volume of potassium phosphate 
buffer (I°/2—0.40). The oxygen equilibrium was evaluated 
at two temperatures, 10 and 26°C; the former is the physio- 
logical one. 

RESULTS 


Typical oxygen dissociation curves of Cucwnaria miniata 
hemoglobin at two different temperatures and at various pH’s 
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are shown in figure 1. The constants ‘ps’? and ‘‘n’’ that fit 
these and additional data to the Hill approximation (Manwell, 
08a) are shown in table 1. The following conclusions are 
possible: (1) At 10 or 26°C there is no Bohr effect — at least 
at physiologically potential pH’s. (2) n averages 1.3-1.4 
under all conditions, except the most alkaline at which it 
approaches, but does not become less than, one. (3) A heat 
of oxygenation can be calculated through the use of an inte- 


Ss Z Cucumaria  miniata 


Oxyhemoglobin 
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oO 10 20 30 40 
Partial Pressure oo O (em Hg) 
Fig. 1 Oxygen equilibrium of Cucwmaria miniata hemoglobin, 1.5% hemo- 
globin solutions in potassium phosphate buffer; final ionic strength, 0.2. 


grated form of the van’t Hoff equation, defining the equili- 
brium constant as the reciprocal of ‘‘pso’’ (Glasstone, 47) ; 
the value is — 8.4 keal. 

It is difficult to obtain data much below pH 6, for the hemo- 
globin then rapidly forms a flocculent precipitate in contrast 
to other invertebrate and vertebrate hemoglobins. 

A few preliminary experiments were performed on erythro- 
cyte suspensions at 10°C. The result of these is shown in 
table 1 and indicates that the absence of the Bohr effect and 
the small positive heme-heme interactions are unchanged by 
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TABLE 1 


The oxygen equilibrium of cucumaria miniata hemoglobin 
NUMBER OF 


pH a Peo DETERMINATIONS 
mm Hg 
Hemoglobin solutions — 10.0-10.8°C 
8.13 1.04 2.36 4 
7.98 1.28 2.37 6 
7.51 1.34 3.84 7 
7.01 1.33 3.85 5 
6.59 1.34 3.51 5 
5.93 1.30 3.63 4 
Hemoglobin solutions — 25.5-26.5°C 
8.13 ilo 6.12 4 
7.98 1.25 5.98 6 
7.50 1.28 8.20 “f 
7.01 1.30 9.02 5 
6.59 1.47 9.44 5 
Erythrocyte suspensions — 9.8-10.1°C 
9.48 1.47 10.5 8 
7.81 1.46 11.6 9 
7.44 1.50 12.5 7 
6.04 1.46 8.0 8 


the erythrocyte. The difference in oxygen affinity (measured 
by ps0) is probably the result of the difference in hemoglobin 
concentrations, 30% in the cell, 1.5% in the hemoglobin solu- 
tions—a dilution effect (Hill and Wolvekamp, ’36). 


DISCUSSION 
Biochemical 


The data in table 1 indicate that n is never less than one. 
That it approaches one at the most alkaline pH’s resembles 
studies of Riggs (’52) and could likewise represent the oxida- 
tion of -SH groups. One experiment performed on the blood 
of a molpadid tentatively identified as Caudina sp. resulted 
in a value of n= 2.0. Hence, the negative heme-heme inter- 
actions indicated by Kawamoto’s (’28) value of n—0.821 
for Paracaudina hemoglobin do not exist in either of these 
other two holothurian hemoglobins. 
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Not only is the nature of the oxygen equilibrium of holo- 
thurian hemoglobins similar to that of other hemoglobins, but 
the difference in the absorption spectra noted by Kobayashii 
(°32) may be a relative than an absolute one. Kobayashii had 
found that Paracaudina chilensis and Molpadia roretzti hemo- 
globins have approximately 10% higher absorption at the 8 
band than at the « band. However, the author has observed 
that, although this increase in optical extinction is as high 
as 15% for Molpadia arenicola oxyhemoglobin, it is only 3% 
for Caudina sp. oxyhemoglobin. In addition, Crescitelli’s 
(745) absorption spectra for Cucumaria miniata oxyhemo- 
globin indicate that absorption at both maxima is of identical 
intensity — as is approximately the case for other sufficiently 
studied hemoglobins. It is interesting to note that, while 
Crescitelli (’45) found a different heme respiratory pigment 
in Molpadia intermedia, Molpadia roretzevi and M. arenicola 
have hemoglobin. 

Although extremely variable values of the heat of oxygena- 
tion of hemoglobin have been observed (reviewed: Paul and 
Roughton, ’51), their value for sheep hemoglobin, —8.2 keal., 
is very close to that observed for Cucumaria miniata hemo- 
globin, —8.4 keal. Theoretical considerations on the nature of 
the oxygen-metal bond in respiratory pigments argue for a 
reasonable constancy in the value of the heat of oxygenation — 
suitably corrected for contributions from heme-linked groups 
(Klotz and Klotz, ’55). Values of —-8.8 and —9.3 keal. for adult 
and fetal spiny dogfish hemoglobins have been observed (based 
on data in Manwell, ’58b). Therefore, in this respect also 
holothurian and other hemoglobins are similar. 


Physiological 


The absence of a Bohr effect has been considered a primi- 
tive characteristic associated with the absence of a circulatory 
system (Florkin, ’49) ; this statement was based on the absence 
of interaction between proton-affine and oxygen-affine centers 
in the hemerythrin of the sipunculids Sipunculus nudus and 
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Golfingia (formerly Phascolosoma) sp., and in the hemoglobin 
of the echiuroid Urechis caupo, although McCutcheon (736) 
had already shown the absence of a Bohr effect in bullfrog 
tadpole hemoglobin. Recent studies by the author have indi- 
cated the absence of a Bohr effect in the hemerythrins of 
Phascolosoma agassiziu (Manwell, ’58c) and Dendrostomum 
zostericolum (unpublished); the hemocyanins of the amphi- 
neurans Oryptochiton stellert (Manwell, 58a) and Stenoplax 
(Ischnochiton) conspicua (unpublished) ; and, the hemoglobins 
of the polychaete Eupolymnia (Manwell, ’59) and the holo- 
thurian Cucumaria miniata. Clearly, the condition is more 
common than has been suspected and is associated strictly 
with neither the absence of a circulatory system nor a primi- 
tive phylogenetic position. 

McCutcheon (’36) explained the absence of the Bohr effect 
in tadpole hemoglobin as being correlated with the importance 
of the loading tension — rather than the unloading tension — 
of oxygen in the blood. If the venous oxygen tension is always 
low, then a ‘‘normal’’ Bohr effect would not be necessary to 
facilitate the unloading of oxygen to the tissues. When the 
ambient oxygen tension becomes low, there is usually a con- 
comittant rise in the CO, tension; under such conditions a 
‘‘normal’’ Bohr effect could result in a shifting of the oxygen 
dissociation curve so far to the right that the blood would not 
become sufficiently saturated with oxygen in the gills. This 
explanation is also reasonable for the previously enumerated 
invertebrates, all of which have two things in common: (1) 
They are not noted for periods of great activity. (2) They 
are frequently found intertidally and, thus, occasionally meet 
temporary situations in which there is a decrease in available 
Op and a rise in COs 

Redmond (755) has shown that very low oxygen tensions are 
characteristic of the blood of a number of decapod crustaceans. 
While the forms that he studied have a Bohr effect, no signif- 
icant change in pH between arterial and venous blood was 
detected; hence, the Bohr effect is of no importance in blood 
gas transport in these crustaceans —in contrast to various 


HOLOTHURIAN HEMOGLOBINS 81 


cephalopods in which the large Bohr effect accounts for up 
to one-third of the oxygen given up to the tissues (Wolvekamp, 
49). The various chitons studied by the author resemble the 
crustaceans in having (1) a low concentration of hemocyanin 
and (2) the blood so low in oxygen saturation as to appear 
almost colorless when samples are withdrawn. A very steep 
oxygen gradient exists across the gill membranes in both these 
crustaceans and amphineurans. 

The critical oxygen tension (reviewed: Prosser, ’50) of 
Urechis caupo is 100 mm Hg. The author, using a polaro- 
graphic respirometer based on the technique of Baumberger 
(739), found that for Cryptochiton stelleri the critical oxygen 
tension is 80-90 mm Hg and for Cucumaria miniata it is 
100-115 mm Hg; these were the highest critical oxygen ten- 
sions obtained with this particular technique. While the 
critical oxygen tension depends in part on the method used to 
determine oxygen consumption rate at different oxygen ten- 
sions, it is important to note that these values are high for 
invertebrates possessing well-defined critical oxygen tensions, 
which have been evaluated by a variety of techniques (Pros- 
ser, 00). The closeness of the critical oxygen tensions of 
Urechis, Cryptochiton, and Cucumaria to the oxygen tension 
of sea-water (130-150 mm Hg) suggests that there is little 
compensatory ability in the aerobic aspects of respiration in 
these three ‘‘ Bohr effect-less’’ animals. 

In conclusion, absence of a Bohr effect has been evolved 
polyphyletically and represents: (1) a situation phylogenet- 
ically tolerated in an organism which does not require large 
variations in the extent of aerobic metabolism, and/or (2) 
the results of selection pressure against a normal Bohr effect 
when this would interfere with the loading of sufficient oxygen 
by the respiratory pigment and yet not be needed to facilitate 
release of oxygen to the tissues. 


SUMMARY 


Oxygen dissociation curves of Cucumaria miniata hemo- 
globin have been obtained under a variety of conditions. The 
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hemoglobin lacks a Bohr effect. The heat of oxygenation and 
the nature of the oxygen equilibrium of sea cucumber hemo- 
globin are similar to those of other hemoglobins. Previously 
reported spectral differences between holothurian and other 
hemoglobins are not significant for all holothurian hemo- 
globins. 

The absence of a Bohr effect is a property of several hemo- 
globins, hemocyanins, and hemerythrins. The physiological 
aspects of this phenomenon are discussed. 
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THE INTERACTION BETWEEN 
SODIUM OUTFLUX AND THE SODIUM 
TRANSPORT SYSTEM IN THE 
FROG SKIN?! 


LEONARD B. KIRSCHNER 


Department of Zoology, State College of Washington, 
Pullman, Washington 


Quantitative description of the kinetics of active ion move- 
ment has usually entailed some use of the diffusion equations. 
Since these equations are independent of any particular chem- 
ical mechanism, they are unlikely to yield information con- 
cerning a molecular model of the process. Recently a few 
attempts have been made to treat ion transport from a differ- 
ent point of view, one which assumes that a chemical reaction 
involving the ion underlies active transport. Thus, both ‘‘car- 
riers’’ (Kirschner, ’55, Kato et al., 56, Snell and Leeman, ’57) 
and ‘‘non-earriers’’ (Patlak, 57) undergo such a reaction. 

In addition to the assumption that an ion-carrier complex 
was formed our treatment included a second hypothesis to 
account for a phenomenon so far described only for the frog 
skin. When the outside of an isolated skin is bathed by a 
solution containing little sodium the sodium outflux (M,)? is 
small. When the concentration in the external solution is high 
(e.g., 115 mM/1) M, is much larger (Kirschner, ’55). Thus 
the magnitude of the flux seems to be conditioned by the 
composition of the solution into which the ions are diffusing. 

1This work was supported by funds provided for biological and medical research 
by the State of Washington Initiative No. 171, and by a grant (G—4254) from 
the National Institutes of Health. 

2The terminology used here is conventional. Outflux is the rate of movement 
of ions which originate in a solution bathing the inside of the skin, move through 
and appear in a solution bathing the outside of the preparation. Influx is the 
rate of movement in the opposite direction. 
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To rationalize this phenomenon it was supposed that the out- 
ward-diffusing ions pass close to the (inward-oriented) pump, 
and that if one of them collides with a free carrier molecule it 
is pumped back to the inside solution. Obviously ions re- 
turned to the inside solution contribute nothing to M,. The 
dependence of M, on external sodium concentration can be 
explained as follows. When the concentration of sodium in 
the outside solution is low the carrier will exist largely in the 
free form, and many of the ions diffusing out will be pumped 
back into the inside solution. Thus, only a fraction of those 
which start through the skin appear in the outside solution, 
and the outflux, measured, e.g., with isotopic sodium will be 
low. But with high Na in the external solution the transport 
system will be loaded, and there is little probability that an ion 
deriving from the imside solution will collide with an unoc- 
cupied carrier. As a result most of the ions which start to 
move out get through the skin, and M, will be high. The equa- 
tion based on this hypothesis was tested, and it proved to be 
remarkably successful in describing the phenomenon. 

The scheme is accessible to experiment in another way. In- 
hibition of the pump when it is moving sodium inward (high 
external sodium) should have little effect on M, because there 
is little interaction between outflux and carrier in such an 
experiment. On the other hand, if inhibition is induced when 
most of the carrier is free M, should increase, for the low 
outflux depends on a functional sodium pump. Thus, inhibi- 
tion of the transport system under two sets of conditions, high 
and low external sodium concentrations, provides another test 
of theory. 


METHODS 


The short-circuited frog skin (Ussing and Zerahn, ’52) was 
used in these experiments. The inside of the skin was bathed 
by a Ringer’s solution the pH of which was 8.2 (except in the 
low-pH experiments). The same solution was used to bathe the 
outside of the preparation where a high sodium concentration 
was desired. For low-sodium experiments a Ringer’s solu- 
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tion was used in which choline replaced the sodium. In our 
early experiments the solution was completely free from so- 
dium, but later a small quantity of Na-Ringer’s was added so 
that the effect of the inhibitor could be monitored more effec- 
tively. The concentration in the bath was 1 mM/1 which 
sufficed to generate a small net transport, but was low enough 
to leave most of the the pump uncomplexed (Kirschner, ’55). 

The outflux was measured with Na22. The isotope was added 
to the inside solution and about an hour allowed for equilibra- 
tion. Duplicate 0.50-ml aliquots were removed from the out- 
side solution after specified intervals. These were plated, 
dried, and counted with a conventional end-window GM tube. 
Flux values in successive control periods were very repro- 
ducible. Usually three one-hour control periods were run after 
which the inhibitor was added. Samples taken subsequently 
gave values for M, in the presence of the inhibitor. Thus each 
preparation served as its own control. 

A large number of compounds are known to stop the active 
movement of sodium by the frog skin. Metabolic inhibitors 
proved to be unsuitable for reasons which will be discussed be- 
low. However, several inhibitors seem to act more directly on 
the transport system. Thus, anticholinesterases stop sodium 
transport by decreasing the influx (Kirschner, ’53), but have 
no effect on the oxygen consumption of the skin (unpublished 
data). Strophanthin-K also inhibits sodium transport al- 
though its effects have not been described in detail for the 
frog skin. The effects of low pH in the inside solution have 
been described in detail by Schoffniels (’56). Hserine sulfate 
was added in crystalline form to give a concentration slightly 
less than 1 X 10-2? M. Strophanthin was added from a stock 
solution to give a final concentration of 2.5 pg/ml in the inside 
solution. The pH of the inside solution was lowered to 5 by 
the addition of glacial acetic acid. Reversibility was tested by 
adding solid NaHCO, to bring the pH back to 8.2. 

The animals used were R. pipiens which had been stored in 
aquaria at 5°C for several weeks prior to use. 
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EXPERIMENTAL 
Inhibition with high external sodium 


When the outside of the skin was bathed with ordinary 
Ringer’s solution the transport mechanism was engaged in 
moving sodium from the outside to the inside solution. Table 
1 shows how the addition of eserine and strophanthin affected 
the outflux. In both cases the influx dropped to a low value 
(these data are not shown) indicative of inhibition of the 
pump, but the outflux changed very little even three hours 
after addition of the inhibitor. A decrease in pH in the inside 
solution also causes the influx to drop with no consistent effect 
on the outflux (Schoffniels, 56). 


TABLE 1 


The effect of inhibitors on outflux with high external sodium 


ESERINE STROPHANTHIN 
PERIOD 1 Control Inhibitor Control Inhibitor 
Min. Outflux ? Min. Outflux? Min. Outflux Min, Outfiux 
1 60 0.031 60 0.027 60 0.061 60 0.078 
2 60 0.045 60 0.047 60 0.061 60 0.086 
3 60 0.047 60 0.065 60 0.072 60 0.106 


*Successive periods were run with no interruptions. The inhibitor was added 
and inhibitor period 1 commenced immediately after the termination of control 
period 3. 

* Micromoles per em? per hour. 


Inhibition with low external sodium 


Table 2 shows data from representative experiments using 
eserine and strophanthin. The experiment with eserine was 
run with no sodium in the outside solution, and hence influx 
was not monitored. In the strophanthin experiment the so- 
dium concentration (1 mM/1) was sufficient to generate a net 
flux which dropped markedly when the inhibitor was added. 
In both cases a large increase in outflux was noted in con- 
trast to the results described above for high external sodium. 

A series of experiments was run in which the pump was in- 
hibited by lowering the pH of the inside solution to 5. Data 
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from one of these runs is shown in table 3, and again the rise 
in outflux during inhibition is apparent. Reversibility of the 
pH effect was checked simply by neutralizing the acid with an 
excess of bicarbonate (the addition of NaHCO, caused a negli- 
gible change in specific activity of the isotope). The results 
are shown in the same table. No attempt was made to test re- 
versibility for the other agents, although it is known that the 
action of eserine on net sodium movement is reversible (Kir- 
schner, 703). The inhibition of transport by strophanthin is 
also reversible (unpublished experiments). 


TABLE 2 


The effect of inhibitors on outflux with low external sodium 


ESERINE STROPHANTHIN 

PERIOD Control Inhibitor Control’ Inhibitor 

Min, Outflux Min. Outflux Min. Outflux Min. Outflux 
1 30 0.025 30 0.043 60 0.037 60 0.067 
2 BO. OXOE 30 O27 os — 60 0.329 
3 30 0.031 30 0.091 120 0.037 60 0.269 

Protocol as in table 1. 
TABLE 3 


The effect of pH on outflux with low external sodium 


CONTROL INHIBITED REVERSAL 

(pH 8.2) (pH 5.1) (pH 8.2) 
Period Min. Outflux Period? Min. Outflux Period ? Min. Outflux 
Hk 45 0.078 3 65 0.096 5 60 0.107 
2 60 0.071 4 (55) 0.209 6 60 0.058 


1 Period 3 followed the second control period with no delay. 
2 Period 5 followed 4 without delay. 


DISCUSSION 


Two points having to do with experimental protocol merit 
discussion. 

It was noted that the action of the inhibitors used is not 
nearly so consistent in the low sodium experiments as in those 
with high concentrations. Eserine and low pH sometimes have 
little effect on sodium movement when choline Ringer’s is used. 
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It was for this reason that the use of a sodium-free solution 
was abandoned in favor of one which incorporated a low con- 
centration of sodium. The use of sodium did not render the 
results more consistent, but since net transport could be moni- 
tored electrically the experiments in which the inhibitor was 
ineffective could immediately be distinguished and discarded 
prior to analysis. No explanation can be offered for the in- 
consistency under these conditions, but although it might be 
interesting in another context, it was an undesirable artifact 
in this work. 

In addition, certain compounds which stop sodium transport 
proved to be unsuitable for this work. Most of the metabolic 
inhibitors fall into this class, as does strophanthin-K when its 
concentration exceeds 3-4 pg/ml. These agents cause an 
increase in outflux at high sodium concentrations, a phenom- 
enon first described by Fuhrman (752) for inhibition with 
dinitrophenol. This observation seems to conflict with theory, 
for inhibition of the transport mechanism should have no 
effect on outflux at high transport rates. Two recent papers, 
however, indicate that the action of most of the metabolic 
inhibitors may be complex. In the first of these it was shown 
that dinitrophenol not only stops the transport of sodium ion 
across the skin, but causes the epithelial cells to lose potassium 
and to gain sodium. Loss of ability to maintain the normal 
intracellular steady state was not a necessary concomitant of 
transport inhibition; certain xanthines stopped net movement 
without disturbing the electrolyte balance of the cells (Levin- 
sky and Sawyer, ’53). These observations have recently been 
extended to include a much larger group of compounds, only 
three of which (Na-fluoracetate, azide and diethyl malonate) 
act solely on the transport mechanism. Most of them had the 
dual effect noted for dinitrophenol (Huf, et al., ’57). 

This complex action may also include another effect ; partial 
loss of the ability of the skin to act as a diffusion barrier. 
That is, the treatment makes it more permeable to ions. Thus, 
we have noted a large decrease in DC resistance after using 
iodoacetate, strophanthin (5-10 pg/ml), and after prolonged 


SODIUM OUTFLUX AND THE SODIUM PUMP ont 


exposure to dinitrophenol. This was accompanied by a huge 
increase in the outflux of sodium; a rise much larger than 
any of those noted here. Thus the apparent bias involved in 
selecting only certain inhibitors is really a matter of following 
the dictates of our working hypothesis; implicit in the latter 
is the condition that the action of a test compound, whatever 
its mechanism, be restricted to inhibition of the sodium pump. 
Apparently eserine, hydrogen ion and low concentrations of 
strophanthin act specifically on transport across the skin. 
The xanthines and the group of compounds described by Huf 
would probably be suitable test agents, although they have 
not been used in this laboratory. 

These experiments show that the inhibitors used cause an 
increase in M, only when the sodium concentration in the out- 
side solution is low. They have little effect (frequently no 
effect) at high concentrations. This is exactly what is pre- 
dicted by theory, and hence the observations provide support 
for an ‘‘in series’’ arrangement of the outward-moving stream 
of ions and the carrier system. 


SUMMARY 


The outflux of sodium ion through the isolated frog skin was 
measured before and after inhibition of active sodium trans- 
port by strophanthin-K, eserine, and low pH. When the trans- 
port mechanism was maximally active inhibition was accom. 
panied by at most a small increase in outflux. Inhibition 
during periods of low activity caused the outflux to rise 
markedly. The theoretical implications of these observations 
were described, and some limitations of the experimental 
procedure discussed. 
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TWO FIGURES 


Hver since Pasteur’s work (1876) it has generally been 
believed that without oxygen yeast can either grow only to a 
limited extent, or not at all (Brown, ’05; Windisch, ’32; White 
and Munns, ’51). The slight growth that was obtained oc- 
casionally under anaerobiosis was attributed to the traces of 
oxygen left in the medium. The careful work of Stier and his 
collaborators (Stier, Scalf and Brockman, ’50; Stier, Scalf 
and Peter, 750; Andreasen and Stier, ’53, ’54, ’56) finally 
clarified this problem. They showed (1) that under strict 
anaerobiosis yeast cells stopped growing entirely when ecar- 
ried for several transfers in a synthetic medium containing 
all the previously known growth factors; (2) that a culture 
medium containing vegetable oils (e.g., 0.3% wheat germ 
oil) and high concentrations (6-7%) of yeast extract per- 
mitted anaerobic growth to reach the same final cell density, 
about 400 x 10° cells/ml, as that reached in aerobic cultures; 
and (3) finally they were able to identify two new growth fac- 
tors, required for anaerobic growth only, ergosterol and long- 
chain unsaturated fatty acids (like oleic acid). In a synthetic 
medium supplemented with minute amounts of these sub- 
stances, final cell densities of ca. 200 X 10° cells/ml were ob- 

1Present address: Botanical Laboratories, Division of Biology, University of 


Pennsylvania, Philadelphia. 
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served under anaerobiosis. The fact that this is only about half 
of the maximum value that can be obtained in the high-yeast 
extract medium was interpreted by Andreasen and Stier (56) 
as indicating a requirement for a third anaerobic erowth 
factor, as yet unidentified.” 

These findings made it now possible to investigate the metab- 
olism and enzymatic composition of yeast cells that were 
grown anaerobically in cultures permitting rapid and con- 
tinuous growth, and therefore could validly be compared with 
that of aerobically grown cells. The fact that the metabolism 
of yeast cells can vary to a great extent depending on the cul- 
ture conditions, particularly on the presence or absence of 
oxygen, was first indicated by the work of Meyerhof (’25), 
then by Warburg (’27), Trautwein and Wassermann (730), as 
well as numerous other workers since. The connection between 
cytochrome composition and respiratory rate was shown by 
Euler, Fink, and Hellstrom (’27), Fink (’32), and Fink and 
Berwald (’33), who found the three a bands of eytochromes 
a, b, and c, in baker’s yeast, but only two a bands, attributed 
later to cytochromes a, and b,, in brewer’s yeast, and main- 
tained that the difference between the two kinds of yeast was 
caused by the availability of oxygen during growth. This 
view was supported by their finding that a culture with one 
type of cytochrome spectrum could be converted into the other 
by growing it with or without aeration. Borei and Sjéden 
(743) measured the extracted cytochrome ¢ in yeast cells 
grown under various conditions of aeration and found that 
the amount of cytochrome c was proportional to the degree 
of aeration during growth. 

In none of these studies were the cells grown under strict 
anaerobiosis, which accounts for finding some cytochrome c 
in all cultures, neither was the possibility excluded that during 
growth the composition of the population changed through 

? Harris (756) showed that the continuous anaerobie cultivation of yeast in the 
presence of ergosterol and oleie acid was possible for as many as 173 generations, 


and that the frequency of respiratory-deficient mutants did not inerease in the 
absence of oxygen (Harris, M.; J. Cell. and Comp. Physiol., 48: 95-112). 
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mutation and selection. These objections were met by the 
studies of Hphrussi and Slonimski (’50), who used adequate 
techniques to ensure anaerobiosis during the growth of the 
cultures, and observed the transition from the anaerobic to 
aerobic cytochrome spectrum under non-growing conditions. 
Their spectroscopic results confirmed previous observations 
on brewer’s yeast, and established the presence of two pig- 
ments in anaerobically grown yeast, called provisionally eyto- 
chromes a, and b,, in contrast to aerobically grown yeast which 
is known to have cytochromes a, a3, b, and c (review by Smith, 
04), as well as cytochrome c, (Lindenmayer and Estabrook, 
08). Ephrussi and Slonimski (’50), and Slonimski (’53, ’55) 
have also studied the anaerobically grown yeast cells with 
regard to their oxygen uptake, as well as the activities of sev- 
eral enzymes involved in their oxidative metabolism, and 
found in these cells very low oxidase and dehydrogenase activ- 
ities, except for the malic, isocitric and alcohol dehydro- 
genases. 

In the present work use was made of two methods that have 
not been previously applied to the question of oxidative metab- 
olism and the corresponding enzymatic constitution of 
anaerobically grown yeast. One of the techniques was the use 
of ergosterol and oleic acid to make rapid and continuous 
anaerobic growth possible. The other method, by which quan- 
titative data were obtained about the absorption intensities of 
the varying pigments present in these cells was the sensitive 
spectrophotometry developed by Chance (cf. review by Chance, 
54). In this paper the absolute absorption spectra of anaero- 
bically, as well as of aerobically grown cells, are presented 
together with the manometric data on these cells, representing 
the rates of oxygen consumption, and of CO, evolution in the 
presence and absence of oxygen. On the basis of these results, 
the oxidative enzymes and the Pasteur effect of the anaero- 
bically grown yeast are discussed. Further papers in this 
series will deal with the enzymatic activities and the oxidized 
minus reduced difference spectra of this organism. 
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METHODS AND MATERIALS 


Organism. Cells of Saccharomyces cerevisiae, strain 
LK2G12, a diploid strain, were used, a culture of which was 
originally received from Dr. 8. Spiegelman, University of 
Illinois. 

Media. The basic medium was adopted from the one used 
in the laboratory of Dr. S. Spiegelman and had the following 
composition: 

40 gm glucose (Difco Bacto-Dextrose) 
5 gm Difeo Bacto-Peptone 
2.5 gm Difco Yeast Extract 
6 gm (NH,),S0, 
2 gm KH,PO, 
0.34 gm CaCl,-2H,0 
0.50 gm MgSO,-7H,0 
6 ml Na lactate, 60% 
1000 ml distilled water 


This medium was used for aerobic cultures, while for anaero- 
bie cultures it was supplemented the following way: (1) The 
glucose concentration was raised from 4% to 10%; and (2) 
10 ml of an ergosterol and oleic acid stock solution was added 
to 1000 ml of the basic medium. The stock solution had the 
composition (after Andreasen and Stier, 754): 


100 mg ergosterol 
22 ml mono-oleate sulfate ester (Tween 80, Atlas Powder Co., 


Wilmington, Del.) 
28 ml ethyl alcohol 


This mixture was boiled until the ergosterol dissolved, then 
made up to 50 ml again with ethyl aleohol. The stock solution 
must be made up fresh at weekly intervals, as ergosterol 
seems to decompose quite rapidly in solution. 

Another growth medium was also employed in a few experi- 
ments, following Stier, Scalf, and Peter (’50). This medium 


consisted of: 
10% glucose 
0.5% KH,PO, 
7% yeast extract 
0.3% wheat germ oil 
0.03% Tween 20 
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and will be referred to as the ‘‘high yeast extract — wheat 
germ oil medium.’’. 

In the latter medium the Tween 20 is added as an emulsify- 
ing agent, while in the former anaerobic medium Tween 80 
serves as a source of oleic acid (Tween 20 is a mono-laurate, 
while Tween 80 is a mono-oleate sulfate ester, lauric acid being 
a saturated and oleic acid an unsaturated fatty acid). 

Culture techniques. The aerobic cultures were set up by 
placing 70 ml medium in 250-ml Erlenmeyer flasks and shak- 
ing them on a rotary shaker at a rate of 160-180 cycles per 
minute at 26°C. 

In the case of anaerobic cultures the main problem is the 
exclusion of traces of oxygen from the culture flask. The 
following procedure has proved satisfactory. In a one-liter 
suction flask 500 ml of the supplemented medium is placed, 
and the flask is closed at the top with a rubber stopper through 
which a glass tube is extended to the bottom of the flask for 
the gas inlet. The side outlet of the flask is connected with a 
rubber tube to a water trap consisting of a small stoppered 
bottle in which two glass tubes are inserted, one extending 
down to the bottom and the other a short way below the stop- 
per. This whole assembly is autoclaved for 20 minutes at 
15 lbs. pressure. After autoclaving high purity nitrogen gas 
is bubbled through it immediately. The purpose of placing 
the medium under nitrogen while still hot is to prevent oxygen 
from being dissolved in it. The nitrogen is passed through a 
cotton filter, and the connection of the nitrogen tank with the 
flask is through a short piece of rubber tubing that can be 
clamped off at the end of the gassing period. The medium is 
left to cool down while being bubbled with nitrogen, then the 
inoculum is introduced by taking the stopper out for a mo- 
ment. Gassing is continued after this for 15 minutes. Then 
the rubber tubing at the gas inlet is clamped off, but the flask 
remains open for the evolution of CO, through the water trap. 
The medium is stirred during incubation (at 26°C) either 
with a magnetic stirrer or by placing the culture flask and the 
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water trap on a reciprocating shaker with a slow rate of 
shaking. 

Inocula were obtained from two-day-old cultures in standing 
Erlenmeyer flasks containing 50 ml basic medium. These eul- 
tures were transferred every other day, and since they were 
open to the air but not shaken, the cells were of an inter- 
mediate type between aerobically and anaerobically grown 
ones. The inoculum size was 0.5 ml to 500 ml medium. It is 
important not to use too large an inoculum for the anaerobic 
cultures, since it is desirable to let the cells grow for at least 
7 or 8 generations before harvesting in order to be sure of 
having cells with a true anaerobic enzyme composition. 

Manometric techniques. Standard Warburg manometric 
procedures were followed as described by Umbreit, Burris and 
Stauffer (’49). CO, determinations were done following the 
direct method of Warburg. The Warburg vessels were of 
approximately 15 ml volume. The shaking rate was 130 cycles 
per minute with a5 ecm are. The bath temperature was 26.4°C. 
For the measurements the vessels were set up with the follow- 
ing contents: 0.3 ml of cell suspension of a cell density of 
approximately 10® cells/ml (the cells were washed twice in 
distilled water and were suspended in M/15 KH.,PO, solu- 
tion), and 0.2 ml of 20% glucose solution in the side arm. 
After all other reagents had been added, the final reaction 
volume in each vessel was made up to 3.0 ml with M/15 
KH,PO, solution (pH 4.5), so that the final cell density was 
20-40 x 10° cells/ml and the final glucose concentration was 
1.33% or 74 mM. The centerwell contained either 0.2 ml 30% 
KOH solution or the same volume of M/15 KH,PO,. For 
measuring the endogenous rates of O, uptake or CO, output, 
no glucose was added to the vessels and ten times as many 
cells were used. It usually took 40 minutes to set up an experi- 
ment, from the start of centrifugation of the yeast cultures to 
the tipping of the contents of the side arms. Before tipping 
5 minutes temperature equilibration was allowed. The first 
reading was taken 10 minutes after tipping. The rate values 
were calculated from the readings between 10 and 40 minutes 
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after tipping, during which interval the rates stayed approxi 
mately constant. Cell counts were made at each experiment on 
the yeast suspension using a Spencer bright line haemacyto- 
aia The results were expressed in units of pl gas/hr. x 
cell. 

Spectroscopic techniques. In order to determine quantita- 
tively the light absorption of intact yeast cells in the visible 
spectrum region, one must use either high sensitivity spectro- 
photometers (i.e., with photomultipliers) or spectrophoto- 
graphic methods, because of the high scattering power of a cell 
suspension and the low concentration of the absorbing pig- 
ments. Both of these methods were used in the course of work. 
During the first part of the experiments a spectrophotographic 
method was worked out that consisted of placing 0.8-mm thick 
layers of frozen yeast paste in front of the slit of a Cornu- 
type spectrograph, and then obtaining optical density curves 
of the yeast cells by comparing the density of the photo- 
graphed yeast spectra at each wavelength with a series of pho- 
tographed spectra of known density neutral filters. This 
method was described in detail previously (Lindenmayer, 755), 
and was similar to that reported by Huler, Hellstrom, and 
Giinther (’39), and by Chaix and Fromageot (742). 

In the latter part of this work it became possible to use the 
sensitive spectrophotometric equipment at the Johnson Re- 
search Foundation that offered great advantages over the 
previous method both in higher accuracy and speed of meas- 
urement. The results presented here were all obtained with 
this latter procedure. A split-beam sensitive spectrophotom- 
eter was used that was devised by Yang and Legallais on the 
basis of previous designs by Chance (Chance, ’51; Yang and 
Legallais, 54; Yang, ’54). The yeast suspensions for these 
measurements were prepared by washing the cells in distilled 
water, making up a cell suspension of 450 Klett density, then 
centrifuging 20 ml of this suspension and resuspending the 
cells in 2 ml buffer. This final suspension has ca. 10° cells/ml. 
To obtain the absorption spectra of the cells in the reduced 
state, one cuvette (1 cm diameter) of the split-beam spectro- 
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photometer contained 2.0 ml cell suspension reduced with a 
few crystals of solid Na,S.O,, while in the other cuvette 
several layers of oiled filter paper were placed to balance the 
light scattering of the yeast cells. The absorption curves 
were corrected to a base line that connected the portions of 
the curve without absorption peaks. Spectra obtained this 
way are referred to as the absolute absorption spectra, as 
distinguished from the difference spectra where both cuvettes 
contain cells. 
RESULTS 
Growth data. Anaerobic growth was observed in three 
different media, and the cell yield was measured in the 
stationary phase of each culture. The unsupplemented basic 
medium was used to determine the yield of aerobic growth. 
The results are shown in table 1. 


TABLE 1 
Final cell densities under various culture conditions 


FINAL CELL 


ATMOSPHERE MEDIUM DENSITY 
108 cells/ml 
Aerobie Basie 350 
Anaerobic Basie 4 
Anaerobie Basic supplemented with ergosterol and oleic acid 250 
Anaerobic High yeast extract — wheat germ oil medium 380 


It is evident from these data that anaerobic growth was 
very limited in the basic medium. In this case the cell count 
was made 4 days after starting the culture, while in the other 
media the rapidly-growing phase was over and final cell 
densities were reached in less than 24 hours (the generation 
time for the aerobic culture was found to be 2.5 hrs. at 26°). 
The highest anaerobic yield was obtained in the 7% yeast 
extract — 0.37% wheat germ oil medium, in agreement with 
the findings of Andreasen and Stier (’56). Throughout this 
work the ergosterol-oleate supplemented basic medium was 
used for anaerobic cultures, rather than the high yeast extract 
— wheat germ oil medium, although the latter gave consider- 
ably higher yields. The reason for this is that including such 
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large amounts of yeast extract in the medium would raise the 
level of amino acids so high that they might also become a 
major source of carbon in competition with glucose. Such 
a shift in major nutrients would, in turn, influence the en- 
zymatic composition of the cells to an extent that any com- 
parison with the results of other studies, where conventional 
media were used, would be impossible. On the other hand, 
no defined micronutrient is yet known that would raise the 
anaerobic cell yield to the aerobic levels when added together 
with ergosterol and oleic acid. 

Manometric data on aerobically grown cells. Measurements 
were performed at three growth stages of the aerobic cultures 
in the basic medium, the stages being characterized by the 
time elapsed from inoculation to the harvest of the cells, as 
well as by the cell densities. The first two measurements were 
within the exponential phase, and the third in the stationary 
phase. In each case, the rates of oxygen uptake were meas- 
ured, as well as the rates of CO, output in air and in nitrogen 
atmosphere; furthermore, these rates were determined both 
in the presence and in the absence of glucose in the Warburg 
vessels. Thus both the ‘‘exogenous’’ and the ‘‘endogenous’’ 
metabolic rates were determined. The data obtained in the 
presence of exogenously supplied glucose were utilized for 
the calculation of the Meyerhof Quotients as well, furnishing 
information about the operation of the Pasteur effect in the 
cells. The following formula expresses a definition of the 
Meyerhof Quotient ee 21; Warburg, ’26): 


fermentative cleavage products in N, ei ump tA cleavage products in air 
oxygen consumption 


The rate of fermentative CO, production will serve for our 
purposes as a measure for the appearance of fermentative 
cleavage products. The rate of fermentative CO, production 
in air (Q26, term.) 18 obtained by subtracting the rate of oxygen 
uptake (@,,) from the rate of total CO, production in air 
(Q Go, ): 


air air 
Q bd.term = 2 Go, — 20, 
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assuming thereby that the Respiratory Quotient is unity under 
the conditions employed. Thus the Meyerhof Quotient 1s 
computed by the formula: 
Q 0, =a COs ferm. 

Qo 
The validity of using this quotient as an evidence for the 
operation of the Pasteur effect is discussed further below. 

The results of these measurements are shown in table 2. 
The ‘‘exogenous’’ respiratory rate, i.e., the rate in the pres- 
ence of exogenously supplied glucose, is more than doubled 
from the exponential to the stationary phase, while the exog- 
enous fermentative rates, Q 24, term, and Q (3, decline with the 
age of the culture. This agrees with the findings of Slonimski 
(753, p. 154) and of Ephrussi et al. (’56), who proposed ex- 
planations for this change in respiratory and fermentative 
activities during the development of a population. 

The endogenous rate of respiration, on the other hand, 
shows a tenfold increase from the exponential to the station- 
ary phase, which is very likely connected with the accumula- 
tion of endogenous reserves after rapid growth has ceased. 
The endogenous R.Q. remains near the value of one in cells 
at all stages, corresponding to the well-established fact that 
aerobically grown yeast cells are unable to ferment their 
endogenous carbohydrate reserves (Stier and Stannard, ’36; 
Spiegelman and Nozawa, 45). 

The values for the M.Q. were between 1.1 and 2.1. Since 
the criterion for the existence of the Pasteur effect in an 
organism is an M.Q. higher than %, all three of the cell types 
can be considered as having normal Pasteur effect. 

Absorption spectra of aerobically grown cells. Absolute 
absorption spectra were obtained with a sensitive recording 
spectrophotometer as described under the methods. The cells 
were in the early stationary phase, harvested after 24 hours 
of growth. The first spectrum (indicated by the solid line 
in figure 1) was taken of the washed cell suspension after 
glucose was added to it (to a concentration of ca. 0.01 M), and 
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the cell suspension became anaerobic. The second spectrum 
was obtained after adding a few crystals of a reducing agent, 
sodium dithionite (Na,S,0,), to the previous suspension 
(dashed line). The difference between the two spectra should 
be due to the pigments that can be reduced ‘‘chemically’’ but 
not ‘‘enzymatically,’’ i.e., which are not reduced when the 
cells are without oxygen, but only in contact with a strong 
reducing agent that can enter the cells. 


ng SR RARER See 


oe 


optical density 


400 450 500 550 600 
wavelength (mp) 

Fig. 1 The absolute absorption spectrum of aerobically grown yeast cells, 
stationary phase. Cell density: 10° cells/ml. Solid line: cells + glucose. Dashed 
line: cells + glucose + sodium dithionite. Optical density scale is different above 
and below 480 mu, as indicated. 


Both curves exhibit more or less pronounced absorption 
maxima at the following wave lengths: 420, 445, 525, 551 and 
605 mu, of which only the 551 my one is sharply defined. The 
curve taken in the presence of glucose alone shows in addition 
to these a large and sharp maximum at 503 my, as well as a 
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very broad shoulder between 450 and 550 mu. All of the 
absorption maxima are easily identifiable in terms of the 
known cytochrome and flavin spectra (cf. Smith, ’54), except 
the 503 mu peak. Briefly, the 605 my peak is chiefly attributed 
to the a band of cytochrome a; the one at 560 mu to the a band 
of cytochrome b; the one at 551 mu to the overlapping a bands 
of cytochromes c, and c; the absorption around 525 mu to the 
B bands of cytochromes b, c,, and c; the 445 mu peak chiefly 
to the y band of cytochrome a;; and the one at 420 mu to the 
y bands of cytochromes b, c,, and c. Yeast cytochrome c per- 
oxidase absorbs in the reduced state at 437 mu, and in the 
oxidized state at 410 mu (Abrams, Altschul and Hogness, 740), 
but these bands could not be identified here because of the 
absorption of the other pigments in the same region. The 
absorption in the broad interval between 450 and 550 mu is 
due to the oxidized flavins present in the cells, which dis- 
appear upon the addition of a reducing agent. 

The pigment that absorbs at 503 mu has not been observed 
before, although many spectroscopic studies have been re- 
ported on baker’s yeast. The main reason for this failure on 
the part of previous observers may have been the fact that 
this pigment cannot usually be found in starved commercial 
baker’s yeast. On the other hand, we have observed it in 
fresh cultures of a number of various laboratory strains of 
baker’s and brewer’s yeasts. As will be seen further below, 
it is also present in the anaerobically grown cells. As figure 1 
shows, this absorption band disappears in the presence of 
sodium dithionite, but no other absorption band has been 
found to appear paralleling this change. 

Manometric data on anaerobically grown cells. Cells, 
grown in the ergosterol-oleate supplemented basic medium 
and harvested in the exponential or in the stationary phase, 
were used for the Warburg measurements, which were per- 
formed the same way as in the ease of aerobically grown cells. 

The results are presented in table 3. The rate of oxygen 
uptake in the presence of exogenously supplied glucose was 
in either phase less than 10% of the corresponding aerobically 
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grown cells. The Qo, of exponential phase cells was again 
about half of that of the stationary phase ones. The exo- 
genous fermentative rates, on the other hand, were about 
twice as high as those found in aerobically grown cells, but 
a decline can be seen from the exponential to the stationary 
phase, as in the aerobic cultures. The M.Q.’s, calculated on 
the basis of low respiratory rates, cannot be considered very 
accurate; it is still significant, however, that their values are 
higher (between 3-5) than are those observed for aerobically 
grown ¢ells. 

It is interesting to note that in these cells the rate of 
endogenous respiration is approximately the same as the exo- 
genous rate. This fact was investigated in more detail, paying 
particular attention to some of the experimental difficulties. 
Using the manometric method for oxygen and CO, determina- 
tions, the difficulty arises when one is trying to establish 
accurately the very low rates of oxygen uptake in cells that 
are liberating at the same time large amounts of CO., which 
is the case with anaerobically grown yeast cells in the presence 
of exogenous glucose. The usual method of placing a paper 
wick in 20% KOH solution in the centerwell is not satisfactory 
in this instance; the liberated CO, is not absorbed rapidly 
enough, and therefore the manometric readings do not express 
the true rate of oxygen disappearance. This situation was 
corrected by raising the KOH concentration to 30%, and by 
placing 0.2 ml KOH solution and paper wicks in the two 
sidearms of the Warburg vessels in addition to the centerwell. 
In this way results were obtained that were essentially 
similar to those presented in table 3, and that agreed well, 
furthermore, with oxygen uptake measurements in the same 
kinds of cells by a polarized platinum electrode. Thus, it has 
been confirmed by various methods that the anaerobically 
grown cells had practically identical rates of oxygen uptake 
in the presence and absence of exogenous glucose, and this 
was found to be true even after the anaerobically grown cells 
have been aerated for a few hours in various media, but, 
of course, was not true for aerobically grown cells. It seems 
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that we are dealing here with cells in which the very weak 
respiratory pathway is saturated with the endogenously avail- 
able substrates. 

Another interesting aspect must be pointed out with regard 
to the endogenous rates shown in table 3, and that is the 
appearance of endogenous fermentation in these cells, both 
in air and nitrogen atmosphere. As mentioned above, endog- 
enous fermentation has been reported by several workers 
to be entirely absent in baker’s yeast, ie., aerobically grown 
baker’s yeast. Only Fales (’51) observed some endogenous 
fermentation in yeast cells during the first hour after removal 
from their growth medium, and attributed it to the presence 
of a fermentable substrate in the cells that is rapidly ex- 
hausted and is not identical with the substrate of respiration. 
Endogenous fermentation can also be induced in yeast cells 
by dinitrophenol (Rothstein and Berke, 752), and by azide 
(Brady and Duggan, ’54), thus seemingly the uncoupling of 
phosphorylation makes endogenous fermentation possible 
without involving the necessity for a special substrate. What- 
ever the case may be, there is a significant difference in this 
regard between the aerobically and anaerobically grown cells, 
that could be exploited for further work on this subject. 

Absorption spectra of anaerobically grown cells. The 
absorption curves, shown in figure 2, were obtained using 
early stationary phase cells grown anaerobically and _ har- 
vested the same way as above. The dashed curve was taken 
in the presence of sodium dithionite, in addition to glucose, 
and shows a weak maximum at around 590 mu, a well-defined 
one at 556 mu, another weak one at about 530 my, and finally 
a large peak in the Soret region at 425 mu and a shoulder 
around 445 mu. The curve represented with the solid line was 
taken in the presence of glucose alone, and it shows two 
absorption bands in addition to the ones exhibited by the 
other curve. One is the large peak at 503 mu, and the other 
a broad absorption region between 450 and 550 mu. 

The 590 and 556 mu bands are identical with those that 
were found in brewer’s yeast by Fink (’32), and designated 
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as the « bands of cytochrome a, and b, by Ephrussi and Slon- 
imski (750), and Chin (50), while the 530 my maximum was 
attributed by them to the 8 band of cytochrome b,. The ab- 
sorption spectrum of the anaerobically grown yeast in the 
Soret region has not been investigated previously. The two 
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Fig. 2 The absolute absorption spectrum of anaerobically grown yeast cells, 
stationary phase. Cell density: 10° cells/ml. Solid line: cells + glucose. Dashed 
line: cells + glucose + sodium dithionite. Optical density seale different above 
and below 480 mu, as indicated. 


maxima in this region, at 445 and 425 mu, can be regarded as 
the y peaks of cytochromes a, and 0,, but this view requires 
further tests, particularly by a study of the behavior of these 
peaks in difference spectra (cf. following paper in this series). 

The absorption bands that are missing in the cells reduced 
with sodium dithionite are the same two as those in the 
aerobically grown cells. The absorption between 450 and 


110 ARISTID LINDENMAYER 


550 mp is again due to the oxidized flavins. It seems, however, 
that their contribution is considerably smaller than in the 
aerobically grown cells. The sharp band at 503 mp has about 
the same intensity in anaerobically as in aerobically grown 
cells judging from the curves presented here, but this should 
by no means be considered to be the rule. The absorption 
intensity of this unidentified pigment varies greatly with the 
age of the culture and the subsequent treatment of the cells; 
it can entirely disappear under prolonged starvation, or its 
concentration can be built up much higher than that shown 
in the figures by aeration in glucose solution. 


DISCUSSION 


The study of the anaerobically grown yeast with respect 
to the oxidative processes and the enzymes involved is an 
interesting field not because of the role these processes play 
during growth but because of the potentialities these enzymes 
lend to the cells. In the course of anaerobic growth obviously 
no reaction or reaction sequence can take place that involves 
molecular oxygen. In these cells the presence of compounds 
that can combine with oxygen can be important, however, 
because it enables the cells to carry out oxidative metabolism 
as soon as oxygen becomes available, and also because these 
compounds can serve as the inducers or the precursors for the 
formation of the efficient oxidative systems that are found in 
the aerobically grown cells. Among the various oxidases of 
yeast, attention has been given by several investigators pri- 
marily to the origin of the cytochrome system, and thus the 
role of the cytochrome-like pigments in the anaerobically 
grown cells has become a subject of interest. 

When exposed to oxygen, the cells raised under strict 
anaerobiosis exhibit immediately a low but measurable and 
reproducible rate of oxygen uptake. This rate, as the results 
indicate, is higher in cells harvested in the stationary phase 
than in the ones harvested in the exponential phase, and it 
is not affected by an exogenous supply of glucose. The ques- 
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tion is what are the enzymes that mediate the uptake of 
oxygen. It is possible that the low level of oxygen consump- 
tion of these cells, 10-7 ul O./hr. cell, or in other terms 
10 pl O2/hr. X mg dry weight, is due to the activity of flavin 
enzymes or to some other oxidase and not to a heme enzyme. 
The fact, however, that several hemoproteins can be de- 
tected spectroscopically in these cells presents the possibility 
that they are the enzymes responsible for the utilization of 
oxygen. 

The heme pigments that were provisionally named cyto- 
chromes a, and b, by Ephrussi and Slonimski (’50) and Chin 
(750) should be considered first. The absorption maxima at 
590 and 556 mu were attributed to the a bands of these 
pigments, the maximum at 530 mu to the 8 bands, while the 
445 and 425 my peaks shown in figure 2 can now be attributed 
to their y bands (the 425 mu peak includes very probably the 
absorption of another pigment as well). These bands are 
present when the cells are in the reduced state and, as will be 
shown in a following paper, they disappear when the cells 
are vigorously aerated. The oxidation and reduction of the 
cytochromes a, and b, are thus closely connected with the 
presence or absence of oxygen in the cells. This means either 
that one or both of them can directly combine with oxygen, 
or that they are oxidized and reduced by another enzyme that 
combines with oxygen. The first seems to be the more likely 
one in view of the evidence, presented in the following paper, 
that no cytochrome a; can be detected in these cells. 

The absorption maximum at 503 my presents a special 
problem. It is found both in aerobically and in anaerobically 
grown cells of the yeast strain used in this work. The con- 
centration, i.e., the intensity of the absorption peak at 503 my, 
is increased considerably when the cells are aerated in the 
presence of glucose, while it decreases upon prolonged starva- 
tion. This peak does not change rapidly with the presence or 
absence of oxygen in the cell suspension, but it disappears 
instantaneously from the absorption spectrum when sodium 
dithionite or potassium cyanide is added to the cells. The 
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chemical nature of this pigment has not yet been established. 
It certainly does not belong either to the cytochrome-like or 
to the flavin-like compounds, and it does not participate 
directly in the oxidative processes as those pigments do. 
Further data concerning this pigment will be presented with 
the difference spectra. 

The Pasteur effect, i.e., the suppression of fermentation by 
respiration, should also be considered in connection with the 
oxidative metabolism of this organism. As mentioned above, 
we are using here the Meyerhof Quotient as a criterion of the 
Pasteur effect, calculated from the ‘‘exogenous’’ rates of the 
fermentative CO, production, in the presence and absence of 
oxygen, and of the rate of oxygen uptake. This means that 
we are determining the Pasteur effect by comparing the ap- 
pearance of the fermentative cleavage products, rather than 
by the uptake of carbohydrates, between the two conditions. 
The former procedure has been advocated by Burk (’39), but 
not by Dixon (’37). Three other assumptions are implicit 
with regard to the Meyerhof Quotient, these being’: (1) that 
respiration in these cells proceeds with a Respiratory Quotient 
of unity; (2) that the rates of endogenous respiration and 
fermentation are negligible in the presence of exogenously 
supplied glucose; and (3) that equivalent amounts of CO, 
and ethyl alcohol are produced in fermentation. These as- 
sumptions are not necessarily fulfilled in all the various cell 
types studied and under all conditions, but they are in general 
agreement with the results of numerous studies of yeast 
metabolism.? 

The point that becomes evident from the data presented 
here is that anaerobically grown cells show consistently 
higher values for the Meyerhof Quotient than the aerobically 
grown ones do. The data given in table 3, being representative 
of a large number of experiments, indicate an average Meyer- 
hof Quotient of around 4 for the anaerobically grown cells. 

® Pasteur effect, as the term is employed here, refers only to the reversible effect 


of respiration on fermentation, and not to changes over a long period of time, 
which may be due to changes in the enzymatic composition of the cells. 
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The determination of this quotient in this case is subject to 
a number of difficulties and errors. The cells have a very low 
respiratory and a high fermentative rate, and the rate of 
aerobic fermentation is only 2-5% lower than the anaerobic 
rate. The problem of measuring the small amounts of oxygen 
taken up during the same period when large quantities of 
COQ, are liberated by the cells, and the answer to it, have been 
described above. Another source of error could have been the 
fact that the Warburg vessels used for Qo, determination 
did not contain any CO,, while the other vessels in the same 
experiment that are set up without KOH solution do have 
CO,. If the yeast cells can fix or ‘‘recycle’’ CO., the metabolic 
situation would not be comparable in the two vessels. There- 
fore, some CO, determinations were carried out in the course 
of this work by Warburg’s indirect, or two-vessel method 
(Umbreit, Burris and Stauffer, ’49). The indirect and the 
direct methods of Warburg gave identical results. Thus the 
measurements giving high values for the Meyerhof Quotient 
in the anaerobically grown cells seem to be valid. Previous 
workers have reported similar results with yeast strains de- 
ficient in cytochromes. Stier and Castor (’41) have reported 
high Meyerhof Quotients in their cyanide induced yeast 
mutants, while Meyerhof and Davidson (’52) and Slonimski 
(753, p. 186) obtained Meyerhof Quotients of 8-15 and around 
4, respectively, working with a ‘‘petite’’ strain of yeast. 
The observation is, therefore, that yeast cells devoid of the 
cytochrome system exhibit Meyerhof Quotients of 4 or higher, 
while the normal, aerobically grown cells give values of about 
two or lower. If the Pasteur effect, i.e., the slowing down of 
glycolysis, is brought about by a localized lack of phosphate 
acceptors when respiration is operating, as it was proposed 
first by Johnson (’41) and Lynen (’41), then the value of the 
Meyerhof Quotient will be related to the rates at which phos- 
phorylation proceeds in the various enzyme systems of the 
cell, and to the rates at which the phosphorylated compounds 
diffuse from one system to the other, or are used up. When 
yeast cultures are compared that have entirely different 
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respiratory systems, i.e., the cytochrome system in the case 
of aerobically grown cells and an unidentified system in the 
case of the anaerobically grown cells and the mutant strains, 
the difference in the phosphorylation and the diffusion rates 
evidently becomes expressed by the difference in the Meyerhof 
Quotients. 
SUMMARY 

Cells of Saccharomyces cerevisiae, strain LK2G12, were 
grown anaerobically in the presence of ergosterol and oleate. 
Their overall metabolism was studied by measuring mano- 
metrically the rates of oxygen consumption, and of carbon 
dioxide evolution in air and in nitrogen atmosphere. The 
absorption spectra of the intact cells were obtained with a 
recording spectrophotometer. These results were compared 
with corresponding ones for aerobically grown cells. The 
presence of cytochromes a, and b, is related to the oxygen 
uptake and to the Pasteur effect of the anaerobically grown 
cells. A new pigment, with absorption maximum at 503 my, is 
observed, which is present in the intact cells when aerated in 
glucose solution, and disappears when dithionite or cyanide is 
added. 
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FIVE FIGURES 


INTRODUCTION 


Detailed studies on the amino acid composition and nitrogen 
metabolism of the ciliated protozoan, Tetrahymena pyriformis, 
strain E, have recently been reported by Wu and Hogg (’52), 
who demonstrated that this organism has a distinctive amino 
acid pattern comparable to other animals and micro-organ- 
isms. This pattern, however, varies for some of the amino 
acids if the cultures are maintained in different media, such as 
proteose peptone or a synthetic medium. In addition to these 
reports on the composition of the total cellular amino acids, 
Wu and Hogg (’56) have also analyzed the free and nonpro- 
tein amino acids and have found a fairly high level of free 
amino acids and an amino nitrogen content which is almost 
one fifth of the total nitrogen content of the cell. 

All these studies by Wu and Hogg were carried out on cul- 
tures harvested after 4 to 5 days of growth, when the cells 
were in the maximum stationary phase. In this stage of popu- 
lation growth there is practically no cell multiplication occur- 
ring, and the growth rate is almost zero (Ormsbee, ’42, Scher- 
baum, ’56). It is not known, however, whether this state of 
almost complete lack of cytoplasmic synthesis and cell division 
is reflected in the amino acid pattern of the cell protein or in 
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the composition and pool size of the free amino acids. There- 
fore, the result of these analyses should be compared with 
samples harvested during exponential multiplication. In the 
exponential growth phase the cell mass doubles every 170 
minutes, and 7 to 10% of the cell population is always in the 
visible stage of fission (Scherbaum, ’57a,b). Such a com- 
parison should allow us to distinguish between the amino 
acid content of the two systems, in which cell growth and cell 
division are present in one and absent in the other. 

The above mentioned comparison, valuable as it might be 
for determining differences between dividing and non-dividing 
cells, would not give us direct information concerning any dif- 
ferences which might exist during the reproductive cycle of 
individual cells. However, this can be accomplished by a 
recently developed method for induction of synchronous cell 
division in a mass culture. By these means, processes per- 
taining to increase of mass can be separated from those which 
are connected with the process of division (Scherbaum and 
Zeuthen, ’54, ’55; Holz, Scherbaum and Williams, ’57). In 
this connection it is of interest to note that in the early develop- 
ment of the sea urchin, Paracentrotus lwidus in which mass 
does not increase, changes of the amino acid concentration 
are related directly to cell division (Kavanau, ’54). 

The present investigation was undertaken to obtain informa- 
tion on the pattern of the free and protein amino acids at 
various characteristic stages of population growth, namely, 
(1) the logarithmic phase characterized by rapid synthesis 
and multiplication; (2) the maximum stationary phase in 
which there is no increase in cell mass and no multiplication; 
(3) at various stages of induced synchronous division. 

Mass cultures were synchronized by the method of Scher- 
baum and Zeuthen (54, ’55). The cultures are subjected to 
a series of heat shocks for 7 hours. During the first half of 
the treatment the average cell volume at first increases at the 
normal rate. However, this growth in cell volume js increas- 
ingly inhibited in the latter part of the treatment. After the 
end of the last temperature shock a short characteristic lag 
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period occurs, followed by a burst of synchronous cell divi- 
sion. Such cultures were sampled at various stages during 
and after the temperature treatment to find out whether (5) 
the decreased rate of synthesis in cell mass during treatment 
might be reflected in a change of the amino acid pattern of 
the cells, and whether (2) the cytological changes occurring 
prior and during cell division are linked to detectable changes 
in the concentration of the free amino acid pool. 


METHODS 
A. Organism and growth conditions 


Tetrahymena pyriformis GL was grown in a peptone me- 
dium of the following composition: 2% (w/v) proteose 
peptone (Difco), 0.1% (w/v) liver fraction L (Wilson Lab- 
oratories), 0.5% (w/v) bacto-dextrose (Difco). Sulfates and 
chlorides were added as in basal medium A of Kidder and 
Dewey (’51). Stock cultures were maintained in 3 ml of 
medium in upright test tubes in the dark. Test tube cultures 
three to 4 days old were used as inocula (1 ml) of 100 ml of 
medium in 250 ml Erlenmeyer flasks. Seventy ml of such cul- 
tures (two days old) were transferred asceptically into 7 
liters of medium and grown at 28°C for approximately 12 
hours in a flat rectangular stainless steel container, 80 « 42 
12 em in size, which served as a culture tank, with a lid of 
pyrex glass plate. Prior to inoculation the whole unit was 
sterilized by autoclaving at 15 pounds for 15 minutes. Two 
holes in the lid were used for inoculation and aeration with 
sterile air. A plastic housing built around the tank facilitated 
aseptic inoculation of the experimental culture. The container 
was gently tilted around its minor axis at 18 strokes per min- 
ute to ensure proper aeration of the 21 mm layer of the culture 
medium. A stainless steel tube (8 mm in diameter, approxi- 
mately 7 m long) was bent and built in, so that it more or less 
covered the bottom of the container. This tube was connected 
to a system of valves, an interval timer, two thermostatically 
controlled water baths and a pumping system. By this means 
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water from either bath could be pumped through the stainless 
steel tube in the bottom of the culture tank, thereby changing 
the temperature to the optimum for growth (29°C) or the level 
of heat shocks (34°C). A complete change of temperature 
required 6 to 10 minutes. By means of a tap near the bottom 
of the container, samples of 5 ml were removed from the ex- 
perimental culture at regular intervals for direct cell counts 
(Scherbaum, 57c). 


B. Harvesting of cells and preparation of dry powder 


For each stage of population growth under investigation, 
samples of 0.5 to 2 liters of culture fluid were removed and 
centrifuged in 600-ml glass tubes at 280 & g for 5 to 7 min- 
utes at room temperature. The supernatant fluid was poured 
off and the cells washed once in tap water (dilution ap- 
proximately 1:100), centrifuged, and collected from the 
specially designed elongated funnel-shaped bottom of the tube. 
The concentrated cell suspension was pipetted into 15-ml 
conical glass tubes and centrifuged at 250 & g for 5 minutes. 
The supernatant and debris were removed by suction, and the 
residual densely packed cells were heated in a water bath at 
95°C for 5 minutes. The cells were then transferred to petri 
dishes and dried at 60°C. After pulverization, the prepara- 
tions were stored in a desiccator. Some of the samples were 
ashed by ignition at 500°C in a furnace for 12 hours and the 
ash content was determined. It was 3.9 to 4.3% of the dry 
weight of the preparation. 


C. Isolation of free amino acids 


The method followed (to isolate free amino acids) was the 
procedure given by Awapara (’48). Dry powder (100 me) 
was homogenized in a ground glass homogenizer with 2 fa 
of hot, glass distilled water. After 20 minutes at 95°C, 8 ml of 
absolute aleohol was added and the material was centrifuged. 
The residue was washed with 4 ml of 80% aleohol. Both super: 
natants were pooled and transferred to a separatory funnel: 
34 ml of chloroform was added and thoroughly shaken, The 
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clear aqueous supernatant phase which separated from the 
ethanol-chloroform phase on standing was removed, evapo- 
rated and either (1) dissolved in 0.1 ml of 10% isopropanol for 
chromatography or (2) hydrolyzed in HCl as described for 
the protein fraction below. Aliquots consisting of from 4 to 
8 mg dry weight of cells were used for each chromatogram. 


D. Isolation of amino acids from peptides and proteins 


The alcohol precipitate in the described procedure was 
placed in 20 ml of 10% sodium chloride and kept at 85°C for 
6 hours to extract the nucleic acids. The samples were filtered, 
and each residue was washed thoroughly with distilled water 
and hydrolyzed in 20 ml 3N HCl for 7 hours at 15 pounds 
pressure. The hydrolysates were filtered, concentrated to dry- 
ness on a steam bath and redissolved in 10% isopropanol. 
Amounts consisting of from 1 to 2 mg dry powder were applied 
on each chromatogram. 


E. Paper chromatography 


Whatman no. 1 filter paper, size 1814 « 2214 inches, was 
used for two-dimensional chromatography. The paper was 
washed in a plexiglass tray in 2 N acetic acid for two days 
and rinsed with distilled water for 4 days. The paper was 
developed first in the short dimension in the following solvent: 
butanol (4v)-acetic acid (1v)—water (lv). In the second 
dimension, phenol (4v)—water (1v) was used, and petri dishes 
containing 0.5% ammonia were placed on the bottom of the 
chromatographic chamber. In order to retard decomposition 
of the phenol 0.04% 8-hydroxyquinoline was added (Welling- 
ton, 51). For both solvents the exposure time was approxi- 
mately 15 hours at 29 + 1°C. To locate the spots the chromato- 
grams were briefly washed in acetone-ether (v/v) to remove 
traces of phenol and dipped into a solution of 0.25% (w/v) 
ninhydrin in acetone (Toennies and Kolb, 51). The color was 
developed by heating the chromatograms at 35°C in presence 
of water vapor for one hour. Contact prints of the chromato- 
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grams were made on kodagraph paper by illumination with 
yellow light (Kodak Series A). Photographic reproductions 
of these prints are presented in this paper. 


F. Identification of the amino acids 


From known standards the Rf values were calculated, and 
as a basis for comparison C-14 labelled amino acids were run, 
concommitant with the experimental samples. Color reactions 
were carried out according to Lyttle and Moffat (757). 


G. Quantitative estimation of the amino acids 


Developed and washed chromatograms were dipped into 
0.01% ninhydrin in acetone and dried for 10 minutes at 65°C. 
The spots and three blanks were cut out on each sheet. Hach 
paper spot was flushed with 250 ul borate buffer in methanol, 
dried for 5 minutes at 40°C (Connell et al., 55), rolled with 
help of forceps, and transferred to test tubes. For the color 
reaction, a combination of ninhydrin, hydrindantin, and 
methyleellosolve in an acetate-sodiumacetate buffer was used 
(Connell et al., 55). This reagent was prepared fresh the 
day before use. The development of the color was carried out 
in 2 ml of the reagent by boiling for 20 minutes. The ex- 
tracted paper was washed in 50% alcohol, and the samples 
made up to a known volume. The color intensities were meas- 
ured in a Beckman spectrophotometer at 570 mu (proline at 
440 mu). The extinction coefficients given by Connell et al. 
(755) were used for the calculation of the molar concentration 
of the amino acids. 


EXPERIMENTS AND RESULTS 
A. Characterization of the growth steps chosen 


The 7-liter mass culture was grown for approximately 12 
hours at constant optimum temperature for multiplication at 
28-29°C as described above (see methods). The first sample 
was taken when the population density was 30-80 x 103 cells 


AMINO ACIDS IN SYNCHRONIZED CULTURES 125 


per ml (termed growth stage 1 hereafter). This sample served 
as a control of normal exponential multiplication with an 
average cell volume of about 26,000 y* (Scherbaum, °56) and 
a division index of 5 to 8%. Immediately after removal of 
the first sample the heat treatment was started. In this pro- 
cedure the temperature of the culture medium was changed in 
a rhythmic fashion: each cycle consisting of one half hour at 
33.9°C and one half hour at 28.5°C. After the second heat 
shock the division index drops practically to zero, but the cells 
continue to grow. At the end of the seventh shock, that is 6.5 
hours after the treatment started, the next sample was taken 
(growth stage 2). At this stage the individual cells have in- 
creased in size more than three times and their dry weight 
has at least doubled (Scherbaum, ’56, ’57). The next sample 
(growth stage 3) was taken from the culture one hour after 
the end of the last temperature shock during the induced lag, 
20 minutes prior to the synchronous division. This recovery 
period is temperature-dependent in a characteristic fashion, 
and kinetic studies have suggested that (the same) processes 
might occur which are essential in preparing the normal cell 
for division (Scherbaum, 57a; Scherbaum and Zeuthen, 53). 
Forty-eight hours after inoculation the last sample (growth 
stage 4) was removed from the incubator. In this phase the 
population density is close to one million cells per milliliter 
and practically no dividing cells are found in the culture. The 
average cell volume is reduced (i.e., to 19,000 u*) when com- 
pared with cells in the early logarithmic phase of growth 
(Scherbaum, 756). 


B. Concentration of peptide and proteim amino acids 


The chromatogram presented in figure 1 shows the typical 
amino acid pattern of the hydrolyzed ethanol-precipitable pep- 
tides and proteins of a heat-treated culture prior to the syn- 
chronous division (growth step 3). Fifteen spots were located 
and 10 amino acids were separated and identified. In order 
of increasing Rf values in phenol these are: aspartic acid, 
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eystine, glutamic acid, serine, glycine, threonine, alanine, tyro- 
sine, arginine and proline. On three spots two or more amino 
acids were found. These are: lysine and histidine; valine and 
methionine; leucine, isoleucine and phenylalanine. This pat- 
tern of the composition of the peptide and protein hydrolysate 
seems to be retained on a qualitative basis in all of the growth 
stages studied; that is, no new spot was found in any of the 
4 stages characterized above. 


Leu/Jsoleu 


: Phenol - water —————> 


Bularnol-acetic acid ————> 


Fig. 1 Paper chrom: Tg iw ‘otel 7 t 
g P r chromatogram of a protein hydrolysate of a sample prior to 
synchronous division corresponding to 1 mg dry weight. Development in butanol— 
. 2 c 


acetie acid—water in the first dimension and phenol-water in the seeond dimension 


The Pm. ee are used: Ala = alanine, Arg = arginine, SDs) a= 
aspartie acid, = eysteie acid, Cy = cystine, Glu.a. = glutamic aci aly y 
cine, His = histidine, Leu/Isoleu = leucine, ee pees saved Pi: 
thionine, Phe = phenylalanine, Pro — proline Ser £ ae th — ete ime, 
Tyr = tyrosine, Val = valine. The eross in he lowe . f : : tl Ceo 

3 : Ss er left corner is the starting 


point. 


AMINO ACIDS IN SYNCHRONIZED CULTURES 130 


A quantitative estimation of the concentration of the isolated 
amino acids was carried out according to the method described 
by Connell et al. (’55). The results are shown in figure 2. The 
optical densities per milligram dry weight of cells are plotted 
for each isolated amino acid or group of amino acids at the 
various growth stages. The average values for two parallel 
experiments are presented. A correction for the loss during 
the chromatographic and isolation procedure (8-15%) is in- 
cluded. The dotted lower part of the histograms gives the 
smallest amounts found while the different symbols above 
represent the 4 growth steps chosen. The standard deviation 
for the amounts between these stages is 6.15%. It appears 
that no significant change of the normal amino acid pattern 
occurs under the various growth conditions. 

The micromolar concentrations of these amino acids were 
calculated with help of the micromolar extinction coefficients 
given by Connell et al. (755). The extinction coefficients for 
the amino acids which could not be separated are almost 
identical; therefore, the error introduced in this calculation 
seems negligible. The results are shown in table 1. Aspartic 
acid, glutamic acid, and the combined leucine /isoleucine/ 
phenylalanine are most abundant and represent almost 50% 
of the total sample. 


C. Concentration of the free amino acids 


One aliquot of the fraction containing all the amino acids 
and smaller peptides which are soluble in 80% ethanol was sub- 
jected to paper chromatographic analysis. Another aliquot 
was hydrolyzed as outlined for the protein residue. The re- 
sults are shown in figures 3a, b. Figure 3a shows the contact 
print of (a chromatograph of) an unhydrolyzed sample of 
growth stage 3 (prior to division). Highteen spots eould be 
located, while upon hydrolysis only 16 spots were found. Glata- 
mine, asparagine and an unidentified compound X-1 could 
not be recovered after acid hydrolysis (fig. 3b). On the other 
hand this hydrolysis of the ethanol extracts caused a marked 
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increase in strength of the spots given by aspartic acid, glu- 
tamic acid, glycine and threonine. Comparison of X-1 with 
various standards showed the same Rf values as for oxidized 
glutathione. The peptide nature of this compound is further 
shown in its disappearance in the hydrolysate (fig. 3b). 


TABLE 1 


Amino acid composition of protein hydrolysates at various growth stages 

1, exponential multiplication; 2, after end of heat treatment; 3, prior to syn- 
chronous division, 4, in the maximum stationary phase. Values are given in 
micromoles per gram dry weight. 


GROWTH STAGE 


AMINO ACID 


a 2 3 4 
(uM/g) 
Alanine 205.9 196.7 179.7 187.0 
Arginine 70.5 89.2 85.9 81.7 
Aspartie acid 339.6 381.1 356.4 346.5 
Cystine 32.5 40.0 85) 45.0 
Glutamie acid 402.2 415.0 440.4 419.0 
Glycine 213.2 216.1 234.5 215.6 
Leucine/TIsoleucine/Phenylalanine 415.3 471.2 447.8 466.5 
Lysine/ Histidine 182.5 214.1 206.2 194.5 
Proline 85.5 77.0 80.0 81.0 
Serine 129.2 137.6 143.0 136.1 
Threonine 7 Del 202.3 176.5 183.7 
Tyrosine 93.7 86.4 82.2 83.8 
Valine/Methionine 229.1 222.0 225.8 236.1 


A quantitative estimation of the concentration of the amino 
acids in the unhydrolyzed sample is given in table 2 and in fig- 
ure 4. The average values of two experiments were calculated. 
The concentrations of the amino acids vary more between the 
experiments and from one growth stage to the other than the 
values found for the protein amino acids (SD=16.9%). 
This is also evident from the same data calculated on a con- 
centration basis and given in table 2. These variations can- 
not be attributed to the experimental error alone. Aside from 
these variations no systematic change in the concentrations 
of the amino acids analyzed could be attributed to the observed 
changes occuring at the cellular level. 
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D. Concentration of some sulphur containing compounds 


The low concentration of the sulphur containing amino acids 
and the difficulty encountered in paper chromatography of 
these compounds were obstacles to quantitative determina- 
tions. However, the undoubtedly important role of these com- 
pounds in cellular metabolism prompted some preliminary ex- 


TABLE 2 


Amino acid composition of the ethanol-soluble fraction at various growth stages 

1, exponential multiplication; 2, after end of heat treatment; 3, prior to syn- 
chronous division; 4, in the maximum stationary phase. Values are given in 
micromoles per 10 gram of dry weight. 


GROWTH STAGE 


AMINO ACID 


1 2 3 4 
(uM/g) 
Alanine 45.3 41.3 34.3 36.3 
Arginine Bilao 27.0 38.2 Bde! 
Asparagine 7.9 7.3 6.2 6.9 
Aspartic acid eS 21.6 Patol 18.8 
Cystine 8.3 AED 10.0 8.6 
Glutamie acid 34.5 45.0 37.6 39.2 
Glutamine 12.8 12.1 18.0 13.8 
Glycine 33.4 29.6 26.8 29.9 
Leucine/Isoleucine/ Phenylalanine 34.0 48.4 60.3 46.0 
Lysine/ Histidine 35.8 24.4 29.8 28.4 
Proline 12.1 at} 9.9 10.6 
Serine 18.7 18.3 21.8 19.1 
Threonine 17.5 18.7 20.8 18.7 
Tyrosine 14.1 20.2 16.2 17.2 
Valine/Methionine 16.6 22.4 26.4 Dili 


periments which are shown in figure 5. The amounts used for 
chromatography were increased three times (corresponding to 
30 mg dry weight), and the time of development in both 
butanol and phenol was doubled (30 hours). The spots repre- 
sent the compounds surrounded by the broken lines in figure 
2. In figure 5 it can be seen that eysteic acid, X-1, and cystine 
show no marked changes during exponential multiplication 
(5a), after heat treatment (5b), or prior to the first syn- 
chronous division (5c). In the maximum stationary phase 
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Fig. 5 Two dimensional paper chromatograms of some compounds in the un- 
hydrolyzed samples of the ethanol-soluble fraction enclosed by the broken lines 
in figure 3a (a), exponentially growing culture; (b), after end of heat treatment; 
(¢), prior to synchronous division; (d), maximum stationary phase. 


(5d) the concentration of X-1 and cysteie acid seem somewhat 
reduced. Two unidentified spots (X-8, X-4) appear in the 
sample representing the log culture (5a). Traces of X-3 and 
X-4 could be found in (5c). Upon hydrolysis these two spots 
V and X-1 disappear, suggesting their probable peptide nature. 


E. Comparison of free and protein amino-acid fraction 


The free amino acid fraction was compared with the total 
amino acid content on the basis of absorption measurements 
at 570 mu of the color developed with ninhydrin. The results 
of 4 experiments range from 12.6 to 15% with an average 
of 13%, for the free amino acid content. 


DISCUSSION 
A. Errors of analysis 


The various growth steps are designated by the time at 
which the samples were removed from the experimental cul- 
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ture. This does not mean, however, that the metabolic pattern 
of the cells could be fixed at the moment of removal. The neces- 
sary centrifugation and washing of the cells caused a delay 
of about 25 minutes, until they could be fixed by heating. 
This delay is probably insignificant when cells in the loga- 
rithmic or stationary phase of growth are handled. However, 
accurate timing of the samples after treatment and in the 
predivision phase is obviously difficult and impossible with 
the present methods. 

Errors pertaining to the analytical procedure, the develop- 
ment of the color with ninhydrin and elution and spectrophoto- 
metric determination of the color are probably very small. 
The standard deviation for the individual reading is + 0.4% 
(Connell et al., 51). The error in the analyses reported here 
was estimated from twelve duplicates, and the standard devia- 
tion (SD) was 8.5%. 


B. Terminology 


For the sake of convenience we speak of a free amino acid 
fraction. It would, however, be more accurate to refer to a 
‘fraction, soluble in 80% ethanol’’ and thus indicate that 
smaller peptides may also be found in this fraction. The 
‘peptide protein fraction’? means the ‘‘fraction precipitable 
in 80% ethanol.”’ 


C. Comparison of the results with other findings 


The amounts of the amino acids isolated are comparable to 
the pattern reported for Tetrahymena pyriformis E (Wu and 
Hogg, 752). On a molar basis the most abundant free amino 
acids in both strains are glutamic acid, alanine, arginine and 
glycine, but leucine, isoleucine, phenylalanine, lysine and histi- 
dine cannot be compared since we could not separate these 
amino acids completely. Similarly, glutamic acid, aspartic 
acid, glycine and alanine are predominant in the composition 
of the cellular protein of both strains. The total nitrogen of 
the cells was found to be 7.8% of the dry weight (Wu and 
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Hogg, 52). This value remained remarkably constant when 
cells of strain E were cultivated in different media, and it 
might therefore be used to express the data on the basis of 
percentage of the total amino acid nitrogen of the cells. Both 
strains have relatively low concentrations of sulphur con- 
taining amino acids. 

The possible significance of changes of free and protein-SH 
groups prior and during cell division has been repeatedly em- 
phasized (Rapkine, ’31; Chalkley, ’37; Mazia, ’54) and our 
data show some changes in the concentration of sulphur con- 
taining amino acids. However, these changes could not be 
attributed to the physiological conditions for cell growth and 
cell division. Furthermore, the methods used did not permit 
us to distinguish between the oxidized and reduced forms of 
these compounds. Therefore, we intend to continue these in- 
vestigations in order to obtain better qualitative and quantita- 
tive data on sulphur containing amino acids in both the free 
and peptide forms at the various growth stages. 


SUMMARY 


1. Mass cultures of Tetrahymena pyriformis GL were 
sampled in 4 characteristic growth stages: (a) during normal 
exponential multiplication when 5 to 8% of the cells are in 
division. (b) After the end of a standard temperature-cycle 
treatment permitting cell growth but not cell division. (c) Im- 
mediately prior to the synchronous division in which 80 to 85% 
of the cell population undergoes simultaneous multiplication. 
(d) In the maximum stationary phase in which cell size is 
reduced to 50% of the values found in the early logarithmic 
phase of growth and where there is practically no cell division. 

9. With help of paper chromatography and ninhydrin re- 
actions, free amino acids and amino acids of peptides and 
proteins were quantitatively estimated. 

3. The pattern of the protein amino acids shows a remark- 
able stability at the various growth stages analyzed (S= 


6.1%). 
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4. Greater variability was encountered in the free amino 
acid pattern (SD —16.9%). This variability exists not only 
within but also between experiments. The three fold increase 
in cell volume during treatment, as well as the significant 
size reduction in the maximum stationary phase, is not re- 
flected in the general pattern of the free amino acid pool. 
Therefore, cessation of growth in the maximum stationary 
phase is apparently not caused by a depletion of any of the 
amino acids analyzed. 

5. The free amino acid fraction is 12.6 to 15% of the total 
amino acid content when the ninhydrin colors are compared 
at 570 mu. 

6. The relative proportions of the free amino acids bore no 
resemblance to those of the protein fraction. 

7. Glutamine, asparagine and an unidentified compound 
(X-1, presumably glutathione) disappear from the ethanol 
soluble fraction upon hydrolysis. Under these conditions a 
new spot appears near arginine (X-2). A marked increase 
in strength of the spots given by aspartic acid, glutamic acid, 
glycine and threonine occur upon acid hydrolysis. 

8. Qualitative analyses for sulphur containing compounds 
show some changes which could not, however, be attributed to 
the physiological conditions for cell growth and cell division. 
The significance of these changes is not yet understood. 
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COMMENTS AND COMMUNICATIONS 


Comments relating to articles which have recently appeared 
in the Journal of Cellular and Comparative Physiology and 
brief descriptions of important observations will be published 
promptly in this Section. Preliminary announcements of ma- 
terial which will be presented later in more extensive form are 
not desired. Communications should not in general exceed 
700 words. 
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STIMULATION OF GLIAL CELLS FROM 
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ONE FIGURE 


It has been shown that astrocytes cultivated in vitro re- 
spond to electrical stimulation by a transient reduction of 
their resting potential and subsequent recovery (Hild, Chang 
and Tasaki, 58). Time-lapse cinematographic studies reveal 
that astrocytes under in vitro conditions frequently show spon- 

1This investigation was supported in part by a research grant PHS (B-364 


[C4]) from the National Institute of Neurological Diseases and Blindness, of the 
National Institutes of Health, Public Health Service, administered by C. M. 


Pomerat. 
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taneous contractions of their cell bodies (Hild, ’54) similar 
to the contractions of oligodendrocytes (Canti, Bland and 
Russell, ’35; Pomerat, ’51). It seemed of interest to investi- 
gate whether such contractions could be produced by electrical 
stimulation and, if so, whether the threshold required would 
be of the same order of magnitude as that necessary for the 
evocation of an electrical response. 

Glial cells from the cerebellum of kittens and puppies were 
grown according to our standard methods (see Hild, ’57) on 
12 < 50 mm coverslips in roller tubes. They were maintained 
for periods of from 4 to 36 days before they were used for 
experiments. The coverslips on which the cells were cul- 
tivated were mounted on an oblong chamber 4 mm in depth 
with a microscope slide as its bottom. One long side of this 
chamber was left open for filling the chamber with Gey’s 
balanced salt solution and for introducing the stimulating 
electrodes while the other three sides were sealed with bees- 
wax. The chamber was placed on a modified microscope stage 
and the whole assembly was enclosed in a moist chamber with 
openings for the stimulating wires and the microscope ob- 
jective. Both the microscope and the micromanipulators hold- 
ing the stimulating electrodes were placed in an incubator 
maintained at 35 + 0.5°C. Time-lapse motion picture records 
were taken on 16-mm film at a rate of 8 frames per minute. 
The cells were observed and recorded with Zeiss phase-con- 
trast optics, using 25, 40 and 63 objectives and a 10 ocular. 

Rectangular stimulating pulses from a Grass stimulator 
were delivered to the cells through a small glass capillary 
electrode filled with Gey’s balanced salt solution. A large in- 
different electrode (stimulus anode) was connected to the 
fluid in the chamber at some distance away from the culture by 
means of an agar bridge. The stimulating electrodes were 
isolated from ground by the use of a stimulus isolation unit. 
The tip of the stimulating electrode was placed usually at a 
distance of from 4 to 60 » from the cells under investigation 
with the aid of a Leitz micromanipulator. The tip diameters 
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of the electrode ranged from 15 to 85 uy and the resistance 
varied between 0.2-3.0 megohms. 

After choosing suitable fields a base line or control sequence 
of film was taken in order to determine whether or not any 
spontaneous contractions occurred among the cells in the field. 
This also served as a guide to obtain information concerning 
the general behavior of the cells in particular fields. In each 
experiment, a series of stimuli was applied at 15-20 minute 
intervals starting with a single pulse of low intensity and 
gradually increasing at each step in intensity, duration or 
number of pulses. The duration of the individual stimulating 
pulse was varied between 5 and 20 msec. and its amplitude 
between 20 and 150 volts. The repetition frequency of the 
pulses from the stimulator was set at either one or 10 per sec. 
and the stimulator switch was closed for a period of 1 to 10 
see. 

As the intensity of the stimulus reached the threshold of a 
particular cell, a very weak contraction was noticeable in re- 
sponse to a single stimulating pulse. This contraction became 
stronger when the intensity was increased, but beyond a cer- 
tain point further increase of stimulus intensity did not pro- 
duce any greater contraction. After a normal contraction in 
response to a stimulus, the cells expanded again to their pre- 
vious size and resumed normal activity (protoplasmic move- 
ments, membrane undulations, ete.). However, if the inten- 
sity became excessively strong the cells were irreversibly 
damaged. 

Although not all parts of a cell would contract simultan- 
eously, the duration of the contraction phase as determined 
by film analysis on the response of the main body of the cell 
ranged from 1.4-3.4 minutes with an average of 2.8 minutes, 
whereas the relaxation phase had a range of 6-16 minutes 
averaging about 11 minutes. Such activities were best ob- 
served in the case of well-isolated astrocytes (fig. 1). When 
the stimulating current was applied to a larger network of 
cells as seen at the margin of the explants proper, the whole 
mass of cells with their intertwined processes showed con- 
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certed contraction and expansion which extended beyond the 
field of observation. In some instances oligodendrocytes were 
also seen to respond to stimulation with contractile activity. 

Sometimes a latent period of about 1.5-4 minutes was ob- 
served between the time of stimulation and the start of the ac- 
tive contraction of a given cell. This was only seen when the 
cells were more than approximately 60 » from the tip of the 
stimulating electrode. 

It was noticeable that not all cells in a given field responded 
to the same stimulus. Some cells remained completely unaf- 
fected, whereas others showed very distinct responses. This 
phenomenon was not correlated with the relative distances of 
the cells from the electrode. The age of the cultures seemed to 
have some influence on the contractile activity of the glial 
cells. As the cultures grew older, an increasing proportion of 
cells lost their spontaneous contractile activity. From such 
cells only slight or no mechanical response could be obtained. 
This probably accounts for a large percentage of the negative 
results when such cultures inadvertently were used. There 
remains, however, a certain number of cells which, despite 
their normal activity and appearance, did not respond to 
stimulation. This perhaps may be due to certain inherent 
properties of the cells involved, such as, for example, a high 
membrane conductance at the time of stimulation. 

The time courses of the electrical and the contractile re- 
sponses showed a marked difference in their orders of magni- 
tude, the electrical responses lasting 4-6 seconds and the con- 
tractile responses about 13 minutes. The current densities 


Fig. 1 Three selected film frames of a motion picture sequence showing the 
effect of electrical stimulation on an isolated astrocyte. Eight-day-old culture of 
kitten cerebellum. Phase contrast. The bar in the upper left corner of a repre- 
sents 50 w length. Stimulating electrode with a tip diameter of approximately 12 yu; 
distance from the cell body approximately 24 uw; a, immediately before stimulation. 
The cell body shows normal size and configuration, b, 1.7 minutes after stimula- 
tion. The cell body is markedly contracted and the processes slightly thickened 
due to shifting of cytoplasm from the cell body into the processes. ¢, 7.5 minutes 
after stimulation. The cell body has expanded again and regained its original 
configuration. The total duration of this contractile response was 7.5 minutes 
which represents the shortest duration observed in the course of this investigation. 
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Figure 1 
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required for electrical and contractile responses are found to 
be of the same order of magnitude within a narrow range. 
This leads us to the conclusion that the two responses are 
closely related. Thus, the electrical response precedes the 
contractile response and may very well be the sign of the 
beginning of a sequence of events leading to the contraction. 
It is also interesting to note that both the electrical and the 
contractile response gradually increase with increasing inten- 
sity of the stimuli and, therefore, do not show any ‘‘all-or- 
none’’ character. 

However, the possibility cannot be excluded that in some 
cells the electrical response is not followed by a contractile 
response. To elucidate this point, it would be necessary to 
record simultaneously with an oscilloscope over an intra- 
cellular electrode and time-lapse cinematography. 
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The physiology of the amphibian oviduct has not been 
investigated sufficiently to give an understanding of the met- 
abolism taking place during the secretion of the jelly mem- 
branes. 

Although the amphibian oviduct has been well investigated 
morphologically (Lebrun, 1891 and Miyauchi, 739), a search of 
the literature failed to reveal information regarding its quan- 
titative glycogen content. Ohohashi (’24) determined the 
presence of glycogen in the oviduct of the frog and toad 
during all seasons of the year but cited no actual values. 
Several workers have studied the glycogen content of many 
tissues of various Amphibia (Athanasiu, 1899; Bleibtreu, 710; 
Kato, 710; Goldfederova, ’26; Wertheimer, ’28). Bleibtreu, 
working on Rana fusca and Rana esculenta, studied the gly- 
cogen content throughout the year in the liver, muscle, skin, 
central nervous system, and ovary. He observed the glycogen 
content of the ovary to be at its lowest level in August, after 
which it rose to a maximum in April at the time of egg-laying. 
He found that the glycogen content of the liver at the time of 
egg-laying was almost zero, and postulated that the increase 
in the ovaries was largely at the expense of the liver. He 
did not determine the glycogen level of the oviduct, which 
appears to have a relatively high glycogen content. Wert- 

1This project was supported in part by Grant No. 595 from the University 
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heimer (’28) confirmed the findings of Bleibtreu. He re- 
ported the ovarian glycogen was not affected by body 
metabolism nor by agents such as strychnine, adrenaline, and 
insulin which provoke glycogenolysis in liver, muscle, and 
heart tissue. Needham (’31) called this glycogen of the ovary 
‘reproductive’? glycogen. It would be of interest to know 
if the glycogen of the oviduct responds in a manner similar 
to this ‘‘reproductive’’ glycogen of the ovary. 

The purpose of the present study was to investigate changes 
in the carbohydrate metabolism of the frog oviduct subsequent 
to induced ovulation. The passage of eggs through the oviduct 
and the secretion of the jelly membranes are metabolic pro- 
cesses and, consequently, changes in the chemical structure of 
the oviduct should be expected. 


METHODS AND MATERIALS 


Female frogs (Rana pipiens), weighing between 75 and 
100 gm, were removed from refrigerator hibernation and 
treated as follows. The experimental animals were divided 
into three groups. The first group was anesthetized with 
sodium pentobarbital (20 mg/kg) injected into the dorsal 
lymph sac. A small incision was made on the ventral surface, 
lateral to the ventral abdominal vein, and both oviducts were 
ligated approximately 2 cm below the ostium. The perito- 
neal and body wall incisions were sutured and the frogs 
allowed 48 hours recovery time. The second group was in- 
jected intraperitoneally with a solution containing macerated 
pituitaries from 8 small frogs (mixed sex) of the same species. 
These animals were not anesthetized nor were the oviducts 
tied off. A third group was treated as per group 1, relative 
to the ligation of the oviducts, and group 2, with reference 
to the injection of macerated pituitaries. The control group 
of amphibians was removed from refrigeration along with 
the experimental groups. After injection of the pituitary 
solution the frogs were allowed to remain in a moist environ- 
ment at room temperature for + 60 hours. The animals were 
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then killed and a section of each oviduct was removed for 
glycogen analysis. 

Miyauchi (739) functionally divided the frog oviduct into 
4 parts: (1) pars recta, (2) upper pars convoluta, (3) 
lower pars convoluta and (4) uterus. In the present in- 
vestigation a cephalad portion of the lower pars convoluta, 
weighing on an average of 250 mg, was sampled for analysis 
of the glycogen. This particular portion of the oviduct was 
selected because Miyauchi found that all three zones of the 
jelly membrane surrounding the egg are secreted from the 
pars convoluta. 

A piece of tissue from both the right and left oviducts was 
analyzed for acid-soluble and acid-insoluble glycogen. The 
acid-soluble glycogen fraction is variously referred to in the 
literature as the lyo-, free, acid-extractable, or labile glycogen 
while the acid-insoluble fraction is termed the desmo-, bound, 
fixed, residual, or stable glycogen component. The acid- 
soluble fraction was determined by a method suggested by 
Bloom, Lewis, Schumpert, and Shen (’51). The acid-insoluble 
form was determined by a method previously described 
(Meyer, Russell, Platner, Purdy and Westfall, 755). Acid 
hydrolysis of both fractions was obtained with sulfuric acid 
and the resulting glucose was then quantitatively measured 
by the anthrone procedure as described by Seifter, Dayton, 
Novie and Muntwyler, (750). A Beckman model B spectro- 
photometer was used for all colorimetric determinations. 


RESULTS 


The determination of glycogen fractions in the oviduct of 
the hibernating Rana pipiens is indicative of the glycogen 
content of the oviduct in the breeding condition since this 
particular species is in the breeding state with the onset of 
hibernation. 

The glycogen changes following the three experimental 
procedures are given in table 1. The changes observed in the 
acid-insoluble glycogen fraction were statistically compared 
by simple analysis of variance and the ‘‘t’’ test. The F value 
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was 2.46 giving a level of significance of > 0.00. Similar 
statistics were applied to the acid-soluble glycogen of the 
control and experimental groups. The F value was 24.97 and 
the level of significance was < 0.001. All groups were signifi- 
cantly different except two and three. The effects of ligation 
were determined in the first series of animals (group 1). This 
ligation was responsible for a 22% decrease in the acid-soluble 
elycogen. In group 2 there was a 49% loss in the acid-soluble 
elycogen fraction following artificially induced ovulation. This 


TABLE 1 


The effects of oviduct ligation and artificially induced ovulation on glycogen 
fractions in the oviduct of the frog (R. pipiens) 


GLYCOGEN (MG/100 GM) 


GROUP CONDITION NO. OF Acid- Acid- Total 
ANIMALS insoluble soluble 
Control 22 55 + 3.27 PATA! ese ko Veo te 334 

if Oviduets ligated, 7 54 + 5.2 208 + 17.7 262 
not injected 

2 Oviduets not 28 50231 142+ 8.5 192 
ligated, injected 

3 Oviduets ligated, 13 41 + 3.7 132 + 10.2 173 
injected 


1Standard error of the mean. 


could be attributed to either the action of the pituitary 
hormones and/or to the passage of eggs through the oviduct. 
The effect of the hypophyseal hormones alone was determined 
as the result of oviduct ligation, preventing passage of eggs 
through the oviduct (group 3). 


DISCUSSION 


The results obtained in the present paper indicate that of 
the 537% decrease in the acid-soluble glycogen form, 27% is 
due to the effects of the hypophyseal hormones. The effects 
produced as the result of surgical ligation are responsible 
for the difference. The loss of acid-soluble glycogen, due to 
the action of the pituitary hormones (27%), less the absolute 
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decrease in group 2 (49%), may be accounted for by oviduct 
activity during passage of the eggs. 

Galli Mainini (’50) postulated that the stimulus for secre- 
tions from the oviduct (Bufo arenarum), following induced 
ovulation by a pituitary injection, was a function of activated 
ovarian tissue. The hormonal injection, consequently, had a 
direct and specific effect upon ovarian tissue but no independ- 
ent action upon the oviduct. This supposition was supported 
by the fact that extracts obtained from ovaries during induced 
ovulation initiated a secretory action when injected into ovi- 
ducts of other toads. Kambara (’56), employing histochemical 
techniques on the oviduct of the Japanese newt (Triturus 
pyrrhogaster), offers some opposition to the fact that the 
oviduct contains glycogen. He suggests the staining reaction 
is due to the presence of mucopolysaccharides. In the present 
paper acid-insoluble glycogen is obtained by hot alkaline di- 
gestion and alcoholic precipitation and cannot, therefore, be 
assumed to be a mucopolysaccharide. The acid-soluble pre- 
cipitate also was subjected to hot alkaline digestion and 
precipitation with ethanol and compared to an aliquot of the 
same tissue extracted with cold 10% trichloroacetic acid and 
cold ethanol. The glycogen changes observed after the alka- 
line extraction are not significant. This also was confirmed 
by using the same procedures with rat uterus and liver. 

The data suggests there is a significant decrease in the 
acid-soluble glycogen component due to the ligation of the 
oviduct, the action of pituitary hormones upon the oviduct 
(via the ovaries, perhaps), and the passage of eggs through 
the oviduct. If the glycogen loss is related to the egg jelly 
secretion it is probable that several intermediary substances 
are involved. Folkes, Grant, and Jones (750), investigating 
the chemical constituents of frog egg jelly, reported the pres- 
ence of several hexoses: glucose, galactose, mannose, fucose, 
and xylose; two hexosamines, glucosamine and chondro- 
samine; and 18 amino acids. Minganti (’55) reported various 
combinations of monosaccharide residues, i.e., glucose, galac- 
tose, mannose, and fucose, in the jelly membranes of 4 
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species of Amphibia: Rana esculenta, Bufo vulgaris, Disco- 
glossus pictus, and axolotl. Glucose, however, was found only 
in the egg jelly of Discoglossus. He determined these mono- 
saccharide residues as hexoses and hexosamines. A quantita- 
tive determination of the egg jelly of Bufo vulgaris gave the 
following: proteins, 37.8%; hexosamines, 40.4%; fucose, 
10.4% ; and galactose and mannose, 11.4%. Lison (53) found 
that the mucoids of the frog oviduct contained galactose and 
acetylglucosamine. 

On the basis of these reported chemical substances com- 
prising the jelly membranes, glucose appears principally as 
a hexosamine while galactose, mannose, and fucose are the 
predominant monosaccharides. If glycogen is utilized during 
the secretory processes it is not used principally as glucose. 
The latter must be converted to glucosamine, other hexosa- 
mines and hexoses, and finally to mucopolysaccharides. Dorf- 
man (’55) suggests the following metabolic pathway in the 
formation of hexosamines from glycogen: glycogen —> glu- 
cose-l-phosphate — glucose-6-phosphate — glucosamine-6- 
phosphate — glucosamine. 


SUMMARY 


The changes in the two glycogen fractions of the oviduct 
of the frog (Rana pipiens) were investigated subsequent to 
various experimental procedures. 

The more stable, acid-insoluble glycogen fraction was not 
significantly altered. Induced ovulation resulted in a 49% 
decrease in the acid-soluble glycogen component. This de- 
crease was due to the action of the pituitary hormones and 
the passage of the eggs through the oviduct. The effect of 
the hypophyseal hormones alone accounted for 27% of the 
loss. This was determined by ligation of the oviduct followed 
by induced ovulation. The effects of surgical ligation also 
were responsible for a significant decrease in this labile gly- 
cogen form. 
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It is suggested that glycogen is not used primarily as 
glucose in the formation of the jelly membranes from muco- 
polysaccharides. The glucose derived from glycogen, however, 
probably is utilized in the metabolic pathway. 
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ONE FIGURE 


Various workers have now utilized the fluids of the bovine 
embryo as a convenient and satisfactory primary constituent 
of media for tissue culture. Enders (’53) first reported the 
use of bovine amniotic fluid for culture of human tissues as 
applied to virus cultivation. Subsequently, Malherbe (754) 
noted that embryonic fluids had been employed earlier by 
others for certain in vitro culture studies. He also pointed 
out that fluid for culture purposes collected from gravid 
bovine uteri by blind puncture might contain either amniotic 
or allantoic fluid, or both, and concluded that amniotic fluid 
was more satisfactory for growth of human tissues. 

Although some information is available concerning com- 
position of bovine amniotic and allantoic fluids, few data 
appear in the literature relative to fluids collected at those 
gestational ages customarily chosen for tissue culture pur- 
poses. Harlier studies (Déderlein, 1890; Giirber and Grun- 
baum, ’04; and Paton, Watson, and Kerr, ’07) dealt mainly 

1The work at the University of Pittsburgh was aided by a grant from the 
National Foundation for Infantile Paralysis, Inc.; that at Harvard University 
by research grant E-1023-C from the National Institute of Allergy and Infectious 
Diseases, National Institutes of Health, Publie Health Service, and the Lederle 
Laboratories Division of American Cyanamid Company. 

2 Present address: Department of Tropical Public Health, Harvard School of 


Public Health, Boston, Mass. 
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with possible origin, alterations in volume, and physical char- 
acteristics of amniotic and allantoic fluids during gestation. 
Chemical determinations reported, primarily on fluids from 
older embryos, showed great differences in values. The strik- 
ing variation in chemical composition of embryonic fluids is 
also apparent in more recent reports for the sheep (Malan, 
Malan, and Curson, ’37), and for bovine embryos of unspeci- 
fied size (Collip, ’27), or near term (Conklin et al., ’31). 

The paucity of available information concerning composi- 
tion of embryonic fluids of young bovine embryos as used for 
tissue culture prompted the following studies. We also en- 
countered remarkable variation in the values of many com- 
ponents studied. It should be noted that results obtained 
pertain to the composition of embryonic fluids as customarily 
used for tissue culture purposes, and do not necessarily rep- 
resent in vivo conditions. 


MATERIALS AND METHODS 


Intact gravid bovine uteri were brought directly to the 
laboratory from the local abattoir. Within two to 6 hours 
after removal from the cow, the surfaces of uteri were 
cleansed and opened so that amniotic and allantoic fluids 
could be removed from their respective sacs under direct 
vision. However, as noted below, some specimens of fluid 
were collected by ‘‘blind’’ puncture and drainage of the 
suspended uterus with a trocar. Aliquots of all fluids were 
centrifuged at approximately 1500 r.p.m. for 10 minutes, and 
supernates stored frozen at-—15°C for subsequent chemical 
determinations. Direct cell counts were made with a hemo- 
cytometer on some fluids before centrifugation. Fluids ti- 
trated for buffering capacity consisted of decanted supernates 
from specimens kept overnight in the refrigerator (5°C) in 
tightly stoppered flasks. Fluids which showed gross particu- 
late matter or red cells were discarded. In addition, samples 
of sterile bovine amniotic fluid were obtained from a com- 
mercial source.* Modified Medium 199 (Salk, Youngner, and 


* Obtained from Cudahy Packing Company, Omaha, Nebraska. 
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Ward, 54) was freshly prepared and used with addition of 
bicarbonate as noted for chemical determinations and titration 
of buffering capacity. The methods employed for biochemical 
determinations were those in regular use for clinical labora- 
tory work: protein (Ayer, Dailey, and Fremont-Smith, ’31), 
NPN (Peters and Van Slyke, Chap. X, ’32), chloride (Peters 
and Van Slyke, Chap. XXX, ’32), phosphorus (Fiske and 
Subbarow, ’25), calcium (Tisdall, ’23), and CO, and bicar- 
bonate (Van Slyke and Neill, ’24). Sodium and potassium 
were measured with Barkeley flame photometer. Aliquots of 
fluids for CO, and bicarbonate determinations were overlaid 
with sterile mineral oil as soon as collected and stored in the 
refrigerator until tested. All determinations were done in 
duplicate and good agreement in results was obtained. Sam- 
ples of fluids were titrated with 1 N HCl for buffering capacity 
in 25-ml volumes using a Model H Beckman pH meter with 
a glass electrode. Duplicate or triplicate titrations were run 
for each specimen, and the result expressed as the average. 
Individual titrations were completed within 10 minutes. 


RESULTS 


Cell counts. Cells were enumerated from amniotic and 
allantoic fluids of 6 embryos ranging from 6 to 18 cm in 
crown-rump length. Counts of 0 to 270 red cells/mm’ were 
encountered, but most counts were 4-45/mm*. Other cells 
consisted mainly of leukocytes and epithelial cells in total 
numbers usually 10-20/mm, although one allantoic fluid had 
180/mm?. No association of particular cell type with either 
amniotic or allantoic fluid was noted. 

Biochemical determinations. Amniotic and allantoic fluids 
from 13 gravid bovine uteri were separately tested for various 
constituents, and similar determinations were done on fluids 
obtained by blind trocar drainage from 6 additional speci- 
mens. This latter method is usually employed in harvesting 
such fluids for tissue culture work. The embryos studied 
ranged from 4.5 to 26 em in crown-rump length. Chemical 
determinations for amniotic as compared to allantoic fluids 
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are summarized in table 1. Extreme variation in values for 
many of the chemical constituents tested is apparent, and no 
particular trend is evident with increasing embryo size. Phos- 
phorus, calcium, chloride, and potassium values in amniotic 
fluids were relatively constant. Amniotic fluids generally 
showed less variation for all items tested than did allantoic 
fluids. 


TABLE 2 


Biochemical determinations on trocar puncture and drainage bovine embryonic 
fluids, commercial BAF, and on medium 199? 


EMBRYO 
vag ee BON ee PHOS. CALCIUM SODIUM CHLORIDE POTASS, CO, 
LENGTH 9 

om mg Yo mg Jo mg Yo mEq./t mEq./l mEq./l mEq./l 
15.0 44 lea 13.4 96 83 22.3 
17.0 66 4.8 19.6 62 57 35.0 
18.0 15 Ise 3.8 129 108 20.8 
21.5 175 13.9 25 7 10.8 
24.5 25 1.9 4.3 126 121 16.5 
26.0 31 5.7 5.2 121 107 20.5 
Average 59 4,2 10.0 93 80 21.0 
Stand. dev. 54 2.1 5.9 38 39 7.3 
Commercial BAF 2 1.9 5.9 118 ia 14.0 13.8 
Medium 199 7, 2.6 4.4 146 140 2.6 7.8 


1 Obtained from Cudahy’s, Omaha, Nebraska. Two different lots were tested; 
values were almost identical, so the average is given. 

? With 3.0 ml of 2.8% sodium bicarbonate added per 100 ml. Values given are 
the averages of determinations on two different lots. 

> These embryos would represent gestational ages of approximately 85 to 115 
days, or weights of about 200 to 650 grams (Swett, Matthews, and Fohrman, 748). 


Chemical determinations on the 6 trocar puncture and 
drainage fluids gave values generally intermediate between 
those found for allantoic and amniotic fluids. These results 
are presented in table 2, along with comparative data for 
commercial bovine amniotic fluid and Medium 199. Tests for 
protein were also done with many of the specimens, but 
results are not included above. Protein values were uniformly 
low, less than 50 mg%. 

Buffering capacity. A number of specimens of bovine 
amniotic fluids were titrated with 1 N HCl to determine the 
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nature of buffers present. The initial pH of freshly collected 
fluids stored overnight in the refrigerator in tightly stoppered 
flasks varied considerably, ranging between pH 7.1 and 7 8. 
Similar titration curves for Medium 199, containing the usual 
concentration of bicarbonate, as well as greater amounts, were 
also determined. These data are shown in figure 1. 


25 mi. Aliquots of following media: 


A=199 with 3 ml. 2.8% NaHCO, per 100 mi. 
B=199 with 3 ml. 5.0% NaHCO; per 100 ml. 
D=!99with 5 mil. 5.0% NaHCOg per 100 mi. 


C= Average and Range of 3 Bovine Amniotic 
Fluids 


O2 0.4 06 0.8 1.0 1.2 
ml. of INHCI 
Fig. 1 Titration with HCl of bovine amniotic fluid compared with Medium 
199 containing increasing amounts of bicarbonate. 


DISCUSSION 


Chemical values for bovine amniotic and allantoic fluids 
were probably not significantly altered by the degree of cell 
contamination encountered. However, these fluids may con- 
tain cells in numbers sufficient to warrant measures for their 
exclusion when bovine embryonic fluids are used as cell 
culture media. 

It should be emphasized that the chemical determinations 
herein reported apply to the fluids as obtained for tissue 
culture purposes, and may not reflect the same environment 
in the intact animal. The possible biochemical changes in- 
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duced by the agonal state during slaughter and subsequent 
lapse of several hours before the uteri were sampled is not 
known. However, our values obtained for certain constituents 
in bovine embryonic fluids are quite similar to the results of 
Malan, Malan, and Curson (’37) for the sheep, particularly 
with respect to the wide variation and general magnitude of 
values. Some of the differences between amniotic and allan- 
toic fluids are probably related to urine excretion into the 
allantois of the developing embryo. The results of determina- 
tions with blind puncture and drainage fluids suggest that 
material obtained in this manner consists of a mixture of both 
amniotic and allantoic fluids, even though the fluid is clear 
and apparently of amniotic origin on the basis of color. These 
data also indicate that considerable latitude in concentration 
of certain ionic constituents is possible in culture media for 
mammalian cells. For example, the potassium content of 
many bovine amniotic fluids was 4- to 8-fold higher than that 
of Medium 199. Yet, confirming Enders’ original report (753), 
in an experience involving hundreds of different samples of 
bovine embryonic fluids, this material has consistently pro- 
duced good growth of a variety of human tissues. 

The titration curve for bovine amniotic fluid is compatible 
with a primary buffering effect of bicarbonate. This was 
supported by the fact that increasing the bicarbonate in 
Medium 199 resulted in a titration curve very similar to that 
of the bovine amniotic fluid, and also by demonstration in 
amniotic and allantoic fluids of bicarbonate in concentrations 
approximating that in human serum. Thus, the relatively 
slow fall in pH in cultures nourished by bovine embryonic 
fluids, as compared to most synthetic culture media, may be 
partially explained by these observations. The nature of the 
carbohydrates present may also influence the pH changes of 
such fluids when used as culture medium, since it has been 
reported (Eagle et al., 58) that differences in utilization and 
consequent lactic acid production occur with various sugars 
in tissue culture media. 
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SUMMARY 


Data are presented on the content of protein, non-protein 
nitrogen, phosphorus, calcium, sodium, potassium, chloride, 
and bicarbonate occurring in bovine amniotic and allantoic 
fluids used for tissue culture work. Wide variation in values 
for many of the constituents was encountered. The chemical 
studies suggest that fluid obtained by blind puncture of the 
gravid uterus is likely to be a mixture of amniotic and allan- 
toic fluids. Study of the titration curves indicated that the 
principal buffer in bovine amniotic fluid was bicarbonate. 
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PENETRATION OF GLUCOSE INTO THE HUMAN 
RED CELL: THE RECENT ATTACK ON THE 
CARRIER HYPOTHESIS } 


PAUL G. LEFEVRE 
Medical Dept., Brookhaven National Laboratory, Upton, N. Y. 


TWO FIGURES 


A sizable body of evidence accumulated during the last 
decade indicates that simple sugars pass into the human 
erythrocyte not by simply diffusing through the cell mem- 
brane, but by forming a transitory combination with some 
special surface component (reviewed by LeFevre, ’54, and 
Wilbrandt, ’54; confirmed by Widdas, ’54; Bowyer and Wid- 
das, 56, and Reinwein et al., ’57). Mawe (’56) rejects the 
kinetic aspects of this evidence, citing new densimetric and 
chemical experiments as proof that the entry of glucose into 
properly handled red cells is adequately described by the 
laws of diffusion. The present note challenges this conclusion 
on the grounds that (1) recalculation from Mawe’s hemato- 
crit and chemical analytic data supports the carrier interpre- 
tation; and (2) new experiments incorporating Mawe’s 
procedural recommendations still contradict his densimetric 
results. 

The chemical experiments 


Mawe rapidly separated the cells and plasma at intervals 
after adding glucose-enriched plasma to concentrated whole 
blood, and determined the hematocrit and plasma glucose 
levels. The one complete experiment described (fig. 7 of 
Mawe’s paper) is kinetically far more consistent with the 


1Research supported by the U. S. Atomic Energy Commission. 
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carrier interpretation than with the laws of diffusion. This 
is readily apparent by inspection of figure 1; here Mawe’s 
data are displayed against the alternative patterns of theoret- 
ical curves predicted by (1) Jacobs’s diffusion equation given 
in Mawe’s report, and (2) Widdas’s (’52) general carrier 
kinetics : 


ds k’ ( C. Ci 
di K,.+C. K,+C j 


where C, and C, are the extra- and intracellular sugar con- 
centrations, and K, is the carrier-complex dissociation con- 
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Fig. 1 Data of Mawe’s figure 7 fitted to alternative theoretical predictions 
Hematocrits above, glucose analyses below. Curves on left are those given b ; 
Jacobs’s equation; on right, by earrier equation in text. Choice of k ree k’ i. 
such as to give approximately best overall fit; (inconsistencies between hemato ‘ 
and chemical data make precise fit impossible by any interpretation) i“ 
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stant, here taken as 0.02 (i.e., 0.006 m, the order of magnitude 
generally reported). Upon conversion to the terms used in 


Jacobs’s equation, and integration, this yields the relation: 
k’K,t —V, 
Trg ~8—a)(Q+K)'m SS (1— 2a) (Q@+K)(Q+E.+)(V—%,) 
(a — V.)?— (a— V)? 
: 


fee (GQ ot anes etl) 


(This differs from the diffusion equation only by introduction 
of the coefficients in bold-face type.) 

Mawe applied Jacobs’s equation to the three-minute and 
15-minute readings in such experiments to caleulate the k’s 
given in his tables 1 and 2; he recognized the tendency of 
these ‘‘constants’’ to decrease with increasing glucose con- 
centration and increasing time, but concluded that this was 
not an especially meaningful deviation. However, in the one 
full experiment given, this systematic variation in the ‘‘con- 
stant’? is much more distinct than is shown by any of the 
entries in Mawe’s summary tables. Recalculations from this 
experiment are given in table 1. The variation of k over the 
approximately threefold range of glucose concentrations here 


TABLE 1 


Relative ‘‘permeability constants’’ recalculated from Mawe’s figure 7 
Caleulations are based on Jacobs’s equation, with Mawe’s assumptions of 0.92 
as the volume fraction of water in plasma, 0.55 as the volume fraction of effective 
water in red cells, and initial cell glucose of zero; use of any other reasonable 
figures does not seriously change the relative k’s. 


MG OF GLUCOSE ADDED TO 7 ML OF BLOOD 


ie 144 288 434 144 288 434 
min, , 
ESTIMATED ORDINATES IN MAWE’S FIGURE 
HEMATOCRITS TOTAL MG PLASMA GLUCOSE 

3 0.504 0.448 0.403 112 233 399 
15 0.535 0.495 0.445 91 196 ayy 
30 0.542 = 0.471 87 — 308 

CORRESPONDING “CONSTANTS” (JACOBS'S k) 

3 0.102 0.057 0.033 0.085 0.081 0.028 

15 0.053 0.031 0.017 0.049 0.042 0.018 


30 0.038 — 0.014 0.034 — 0.020 
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is in good accord with the pattern found by Wilbrandt et al. 
(°47) over a much wider range. 

Direct comparison of the absolute figures with those 
graphed by Wilbrandt (as in Mawe’s fig. 8) requires conver- 
sion of sugar concentrations from molarities to isosmotie 
units, and multiplying Jacobs’s k’s by 2.4 (vol. of blood water 
per vol. of cell water) to comply with Wilbrandt’s units. When 
this is done, Mawe’s recalculated constants are only slightly 
lower than Wilbrandt’s. Moreover, this small difference may 
possibly derive from the unspecified bases taken for Wil- 
brandt’s calculations, since the dynamics of the carrier pro- 
cess differ from those of diffusion and will lead to a 
progressive fall in the apparent diffusion k as the experiment 
proceeds, as illustrated in table 1. 


The densimetric experiments 


In Mawe’s figures 3, 4, 5, and 6, the points at early intervals 
and at lower concentrations are notably higher than predicted. 
These deviations from the simple diffusion pattern in the 
densimetric data are in the proper direction, but in this case 
are not nearly large enough, to accord with the carrier ki- 
netics expected from earlher studies. Therefore, similar 
experiments were undertaken to evaluate the possibility that 
the contrary results might arise from Mawe’s technical re- 
finements on the methods previously used by the author, in 
particular (1) use of defibrinated blood within 4 hours of 
drawing, (2) rolling of the fresh blood on an ice bath as the 
experiments proceeded, (3) avoidance of possibly excessive 
‘‘osmotie shock’’ by adding blood directly to the final glucose- 
saline mixture (in leu of adding hypertonic glucose to a cell 
suspension in saline), and (4) use of Mawe’s simple phos- 
phated NaCl medium instead of a balanced salt solution with 
any of a variety of organic buffers. 

However, none of these technical modifications led to any 
deviation from the behavior found previously ; the new experl- 
ments are thus at odds with Mawe’s observations in appar- 
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ently identical situations. The example in figure 2 is nominally 
exactly the same experiment as in Mawe’s summary figure 6; 
this is the densimetrie record of the volume changes when 
cells were exposed to glucose at 3, 3, and 1 X isosmotie, at 
a constant total osmotic pressure of about twice isotonicity. 
The alternative theoretical patterns in figure 2 illustrate the 
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Fig. 2 Densimetrice record of glucose penetration at total tonicity of 2 x, at 
38°C; and alternative theoretical predictions. Calculations ignore initial blood 
glucose and correction for displacement of water by glucose in solutions (i.e., 
conversion from molarities to molalities). k and k’ are chosen to give fair ap- 
proximation to middle experimental curve. Since V here refers to cell water 
volume (with volume at isotonicity as unit), k of 0.4 corresponds to Schigdt k 
of 0.22, about 40% higher than figure selected by Mawe, and similarly the 
earrier k’ of 4 corresponds to 1.6 in the units of text equation. The combined 
constant k’K, = 0.08, in good accord with the figure of 0.07 given by Wilbrandt 


et al. (756). 


(e) 
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unfitness of the diffusion interpretation, and the reasonable 
adequacy of the Widdas kinetics. 

No clear basis is suggested for the divergent results of 
Mawe’s densimetric experiments; the carrier kinetics have 
been encountered in all other systematic inquiries reported 
in the literature, as well as in the other phases of Mawe’s 


own studies. 
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